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Abstract: Topological wireless power transfer (TWPT) arrays provide directional power transfer, which are robust to
external disturbances. Often realized as a chains of dimers, the ability to adjust the coupling between constituent
resonator elements is an important means of establishing necessary conditions for power transfer. This paper explores
the coupling interactions that are possible within dimers consisting of paired split-ring resonators (SRRs) in close
proximity. Transfer efficiencies and through impedances are computationally studied for various rotational orientations
of edge-and broadside-coupled SRRs. The obtained results reveal that relative rotational orientation can be employed as
a sensitive design parameter to provide a variety of high- and low-coupling options within and between SRR dimers,
with different power transfer efficiency implications.

Index Terms: Split-ring resonator, Coupling, Transfer efficiency, Dimer, Dipole moment.

1. Introduction

Split-ring resonators (SRR) are among the more widely encountered elementary particles of electromagnetic
metamaterials and metasurfaces employed in various microwave and optical applications. These structures are
characterized by small electrical sizes and strong magnetic responses at the resonant frequency [1]. In its basic form, an
SRR is a metallic ring of sub-wavelength dimensions, with a small gap, as illustrated in Fig 1.

There are various applications which exploit interesting bulk properties realized when SRRs are arranged in arrays.
One such application seeks to exploit the resonating features of SRRs in one-dimensional arrays to implement
topological wireless power transfer (TWPT) [2,3]. These schemes utilize topological edge-states localized at the ends of
a one-dimensional array of unit cells to provide directional power transfer, which is robust to external perturbations.
The unit cells usually comprise of two closely coupled electromagnetic structures. A critical aspect of such arrays is the
relationship between near-field intra- and inter-cell couplings. Various approaches employed to realize the required
coupling relationships in these arrays include altering of intra- and inter-cellular distances [4-6], changing the winding
direction of coil turns [7], and combining a resonant element with non-resonant counterpart in a unit cell [6].

Near-field-coupled SRRs are capable of exhibiting different coupling interactions in dimer configurations.
Separation and relative orientations have been examined for their impact in SRR dimers at near-infrared frequencies [8].
In another study [9], the electric dipole moment has been shown to be the dominant coupling mechanism in a broadside-
coupled SRR dimer when the gap-bearing side is parallel to the source E-field. In edge-coupled orientations, the
coupling between SRR pairs has been shown to be either magnetic, electric, or a combination of both [10].
Subsequently, two rotational orientations of SRRs have been selected to establish strong intra- and weak inter-cell
coupling in a TWPT chain composed of edge-coupled units [3]. However, these studies have assumed a limited choice
of rotational options, and, except for [10], are largely silent on the transfer efficiency implications of each orientation.
This paper, thus, seeks to broaden the investigations in [10] and [9] to include an examination of more rotational
orientations between coupled SRRs, examining their coupling characterizations and the power transfer efficiency
implications.
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The rest of the paper is organized as follows. Section 2 describes the methodology employed in this study. First, an
equivalent circuit model of a dimer comprising of a pair of identical SRRs is analyzed. This forms the basis of the setup
employed for the numerical simulations, also discussed in this section. Section 3 provides the results of the numerical
simulations, and discusses salient observations. The paper is concluded in Section 4.

2. Methodology

2.1 Equivalent Circuit Analysis

A dimer consisting of a coupled pair of similar split-ring resonators can be conceptualized using an equivalent
circuit model, shown in Fig. 1b. The geometrically-defined lumped parameter values for each SRR can be formulated
using the approach in [11], where the ring inductance is given by

L= sy (r +O.5w)[lnw—o.5) (1)
h+w
The gap capacitance across the split of width g is
Ca=cn| ™ih (2)
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The surface capacitance of the structure is approximated by
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Equations (1) — (3) enable the determination of the self-resonance frequency of the SRR using
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The ohmic losses in the SRR are approximated by the resistance [12]
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g9, and g4, represent free-space permittivity and permeability, respectively; while o is the material conductivity.

This equivalent circuit model can be transformed to a T-equivalent network using Z-parameters [13], shown in Fig
1c, so that the intra-cell coupling within a dimer is characterized using the through impedance

2rfL,
1= 6
2=ty ©)

This expression assumes a non-negligible mutual capacitance C, in parallel with the mutual inductance L,
between coupled SRRs.

Fig. 1. Split-ring resonator: (a) physical model (b) equivalent circuit model (c) T-equivalent network

2.2 Simulation Setup
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The SRR in Fig 1a is modelled for numerical simulations in CST Microwave Studio®. The structure is realized
with the following dimensions: w = 1mm, h = 5mm, r = 10mm, and g = 1.5 mm. Analytically, these dimensions make
for a resonance frequency of 2.08 GHz, which is used as an estimate to setup the solver parameters.

The numerical simulations investigate the impact of relative gap-orientations between two self-resonant SRRs. The
study is executed for dimers comprising of edge-coupled and broadside-coupled SRRs. Each SRR is rotated in a plane
normal to its axis to yield different relative rotational orientations when paired with another as a dimer, is shown in Fig.
2. For the edge-coupled SRR dimer, seven relative orientations are examined, while three relative orientations are
studied for the broadside-coupled dimer. In both cases, the coupling interactions between the SRR units are examined at
two coupling distances, namely x = 1 mm and x = 10 mm. In each case, the reactive component of the through
impedance z,; is plotted, along with the power transfer efficiency within the dimer, characterized using the transmission
coefficient as

7(%) =100/s;, O
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Fig. 2. SRR rotations and dimer alignments: (a) rotations (b) edge-coupled (‘DD’ orientation) (c) broadside-coupled (‘AA’ orientation)
3. Results and Discussion

Pertinent simulated characteristics of the modelled SRR are shown in Fig. 3. In Fig. 3a, it can be observed that the
resonance frequency of a single SRR from numerical simulations is 1.9 GHz. Also, the impedance characteristic is
consistent with the behaviour of resonant parallel LC circuits, which connects with the insufficiency of a nominal 50 Q
input impedance, as revealed in Fig 3b. The parametric study shows that a much higher impedance is required to feed
the SRR with minimal power reflection, which in practical terms can be achieved by exciting the structure with a high
impedance probe [3]. However, for this study, a port impedance of 8kQ is employed in a direct feeding arrangement.
Fig 3c reveals that the electric energy in the excited SRR is concentrated in the vicinity of the gap. This implies that the
electric dipole moment, spatially related to dense electric charge, is localized at the gap [14]. Conversely, Fig 3d shows
that the magnetic energy is distributed over the inner surface of the SRR, and concentrated around the front and back
rims. This implies that the magnetic dipole moment, due to circulating currents around the ring, is axial. Consequently,
the electric and magnetic moments developed in an excited SRR are transverse to each other [14,15], with implications
on the coupling that exists within a dimer.
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Fig. 3. Single SRR characteristics: (a) through impedance; (b) parametric study of impact of input impedance on the reflection coefficient; (c)
electrical energy density; (d) magnetic energy density
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Figs. 4 and 5 reveal that the relative rotational orientation between coupled SRRs, at the studied coupling distances,
is a significant factor affecting the coupling strength and power transfer efficiency within a dimer.
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Fig. 4. Transfer efficiencies and through impedance of edge-coupled dimer for various rotational orientations: (a) ‘AC’, (b) ‘DD’, (c) ‘CA’, (d) ‘CD’,
(e) ‘BD’, (D) ‘BC’, (g) “CC’

For the edge-coupled SRR dimer, Fig. 4 reveals frequency-splitting phenomena when the coupling distance is 1
mm with orientations ‘AC’, ‘CA’, and ‘BD’. This phenomenon, however, is absent for 1 mm separations with
orientations ‘DD’, ‘CD’, ‘BC’, and ‘CC’. Orientations ‘CD’ and ‘CC’ achieve resonance at 1.75 GHz, while
orientations ‘DD’ and ‘BC’ maintain the single SRR resonance of 1.9 GHz. Frequency-splitting does not occur in any
of the studied orientations when the distance extended to 10 mm. At this distance, the previously split frequencies
converge at the SRR resonance frequency of 1.9 GHz. Furthermore, it can be observed that for each frequency-splitting
case at 1 mm, the realized transfer efficiency at 10 mm is approximately the same as the higher efficiency value of the
split resonance frequencies.

Frequency-splitting is related to the strength and symmetry of the coupling electric and magnetic dipole moments,
and a wider split is often indicative of stronger coupling [15]. In all rotational orientations (Fig 2a), the magnetic dipole
moments are both transverse to the direction of coupling, and anti-symmetric, due to the reversed current directions in
the coupled SRRs. On the other hand, the electric dipole moments are vertically oriented, parallel and anti-symmetric in
the ‘AC’ and ‘CA’ orientations. The ‘DD’ orientation is characterized by collinear, horizontal and symmetric electric
dipole moments. These moments are likewise vertically oriented, parallel and symmetric in the ‘CC’ orientation. In the
‘BD’ orientation, the electric dipole moments are horizontal, parallel and anti-symmetric. Lastly, the ‘CD’ and ‘BC’
orientations are cases were the electrical dipole moments in both SRRs are orthogonal, and hence do not couple
significantly. Furthermore, the through impedance characteristics of the edge-coupled orientations suggest that the
electric dipole moment coupling is the more dominant coupling mechanism in the ‘AC’ orientation, while magnetic
dipole coupling is more significant in the ‘CA’, ‘CD’ and ‘BD’ orientations. Both dipole moments are, however, of
comparable significance in the coupling realized in the ‘DD’, ‘BC” and ‘CC’ orientations.
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It is important to note that although the ‘CD’ and ‘BC’ orientations have similarly low electric dipole moment
couplings, there is a difference in the coupling of their magnetic dipole moments. At the 1 mm separation with the BC
orientation (Fig. 4f), the high charge density surrounding the gap of the C-oriented SRR is in close proximity with the
near-side of the B-oriented SRR. It can be surmised that the resulting interaction disrupts current flow in the B-oriented
SRR, which sufficiently attenuates its magnetic dipole moment, so as to lead to the lowest realized transfer efficiency of
8%. It is instructive to note that increasing the distance between both SRRs to 10 mm, lessens this interaction, and
allows the transfer efficiency rise to 11%.
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Fig. 5. Transfer efficiencies and through impedance of broadside-coupled dimer for various rotational orientations: (A) ‘AA’, (b) ‘BA’, (c) ‘CA’

All relative rotations of the broadside-coupled dimer setup in Fig. 5 exhibit frequency-splitting, except for the ‘AA’
orientation at 10 mm separation, where resonance converges at 1.9 GHz. Compared to the edge-coupled configuration,
it can be argued that the axial orientation of magnetic dipole moments from the SRRs are responsible for the generally
stronger coupling. Unlike the edge-coupled dimers, where the lower split-frequency has the higher transfer efficiency,
the higher transfer efficiency occurs at either the lower or higher split-frequency. The results reveal a relationship
between the symmetry of the coupling of magnetic dipole moments and the position of the split-frequency with the
higher transfer efficiency. Symmetrical coupling, in this case, corresponds to the higher transfer efficiency occurring at
the lower split-frequency, while the anti-symmetric case relates to the upper split-frequency having the higher transfer
efficiency. The reverse observation is made with the coupling of transverse electric dipole moments.

The ‘AA’ orientation at 1 mm separation realizes the least frequency separation. The electric dipole moments are
vertically aligned, and anti-symmetric. The magnetic dipole moments are similarly anti-symmetric. The split
frequencies for this orientation converge with a transfer efficiency of 70% at 1.9 GHz for the 10 mm case. On the other
hand, the BA orientation presents electrical dipole moments that are both offset from and orthogonal to each other,
while the magnetic dipole moments are symmetric. Finally, the ‘CA’ orientation provides the widest frequency split. It
is characterized by vertically aligned electric dipole moments acting in symmetry, but laterally offset from each other.
The magnetic dipole moments in this case are also symmetric. For all orientations, the through impedance characteristic
suggests a slightly more dominant electric coupling at 1 mm.

TWPT arrays typically require weak inter-cell and strong intra-cell coupling levels [2-5], with differing transfer
efficiency characteristics implied. The results presented show that for edge-coupled SRRs, the ‘DD’ orientation is
suitable for realizing a high transfer efficiency, while the ‘BC’ orientation is the best candidate for a low transfer
efficiency. However, based on the spacing between split frequencies, the ‘AC’ orientation is best suited for establishing
strong dimer intra-cell coupling, while the ‘BC’ arrangement is most suitable for a weak inter-cell coupling. The ‘CC’
and ‘CD’ orientations are also suitable options to provide low transfer efficiency coupling scenarios in the edge-coupled
case. For broadside-coupled dimer structures, the ‘AA’ orientation is most suitable for a high transfer efficiency feature
at a single resonance frequency, when the distance between SRRs is within a radius dimension. However, this
orientation provides the weakest coupling. The ‘CA’ orientation, conversely, yields the strongest coupling level, as
observed from the width of its split-frequency characteristic.

4. Conclusion

This study has examined the impact of rotational orientation on the near-field coupling between a pair of self-
resonant SRRs in a dimer cell. Two dimer configurations have been examined, namely edge- and broadside-coupled
alignments. In the edge-coupled setup, seven relative rotational orientations were examined, while three orientation
were investigated for the broadside-coupled arrangement. These orientations were examined at two separation distances.
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In all cases, the resulting transfer impedance and transfer efficiency between the coupled SRRs were numerically
obtained. The results show that, even at tight coupling distances, the rotational orientation of a pair of SRR has a
significant impact on the eventual energy coupling and the efficiency of power transfer interactions within a dimer. The
significant variations in transfer efficiency values observed in this study provide a range of rotational orientation
options suitable for establishing various combinations of intra- and inter-cell coupling characterizations for
topologically invariant one-dimensional wireless power transfer arrays.
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