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ABSTRACT

A simulation based analysis has been carried out to find most appropriate and
practical configuration of SSRs; Dual broadside coupled split ring resonators to provide a
considerable shift in resonant frequency. This configuration has been optimized keeping
in view the shift in resonant frequency and quality factor. Most suitable parameters have
been found which provide maximum shift in resonant frequency and minimum variance
in quality factor. An analytical solution has been proposed based on capacitor-inductor
resonant network analogy to approximate the resonant frequency. Expressions for
calculation of overall capacitance of dual split rings have been developed. Finally,
calculated resonant frequencies from developed analytical solution have been compared

with the simulated results.
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INTRODUCTION



INTRODUCTION

Split ring resonators in various configurations have become an important
component for design at microwave frequencies. These components provide low phase
noise, moderate quality factor and ease of fabrication, even at minute scales. High
frequency circuits including filters, oscillators, frequency meters and tuned amplifiers can
be designed with reduced size and cost. Recent advances in thin films processing have
materialized these devices at nanometer levels. A split ring consists of a conductive
cylindrical loop (ring) cut by one or more longitudinal slots. A typical split ring is shown
in Figure 1.la. Split rings can be fabricated in various geometrical configurations;
commonly circular, square and rectangular with single / multiple rings and single /
multiple slots. Figure 1.1b shows some typical geometries used for split rings. Most of

the structures are resonant due to inherent capacitances and inductances.

Split ring resonators have vast applications areas which include microwave filters,
oscillators, amplifiers, material characterization and analysis, magnetic resonance
spectroscopy, magnetron amplifiers, micro sensors for pharmaceutical, clinical and

electro-medical applications and meta-materials.

1.1. Motivation

The first and foremost motivation to conduct this research is presence of a large
research group which is already working in this field in College of Electrical and
Mechanical Engineering (NUST). Secondly, in recent years, several sensors based on
split rings have been proposed for characterization and sensing of material properties
using non-invasive / non-destructive methods. Thirdly, split ring based resonant
structures form the basis of unit cell used for realization of meta-materials exhibiting
negative permeability. Split ring based structures provide an opening for future research

in the field of meta-materials.



Figure 1.1 Typical split ring with one slot

1.2 Problem Description and Objectives

Objective of this research is to find a suitable dimensional configuration of split
ring resonators (SSRs) to achieve considerable shift in resonant frequency so that this
structure can be tuned over a relatively broad range. Second objective is formulation of
analytical solution for optimized design for approximation of resonant frequency based

on simulated results in ANSYS HFSS®.

1.3 Challenges

Single SRRs are being widely researched for material characterization and sensing
applications. Whereas structures based on dual split rings are being researched for
application in meta-material exhibiting negative permittivity and permeability. Very
small shift in resonant frequency in the range of few tens of MHz has been reported. This
shift in resonant frequency is not enough to tune the structure to multiple frequencies.
Objective of research poses various challenges to research configurations based on single

and dual split rings enclosed within a metallic shield.



1.4 Structure of thesis

This thesis has been divided into six main chapters. Chapter 1 provides a brief
introduction about the problem area and objective of research. Chapter 2 presents
literature review regarding proposed applications of split ring based designs, analytical
models for approximation of resonant frequency and quality factor of split ring based
resonators followed by their use for material characterization and meta-materials. Chapter
3 explains the proposed methodology. Chapter 4 describes the simulation of proposed
configurations in ANSYS HFSS® and their analysis followed by an optimization of
selected configuration. Chapter 5 is related to development of analytical model in line
with the simulated data. This chapter also compares the analytical results with simulated
data. Finally, Chapter 6 concludes the thesis and mentions future work. The outcomes of
this study proved to be highly satisfying and successful. Outcome of this study was
published in M. Shoaib [1].
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LITERATURE REVIEW



LITERATURE REVIEW

Structures similar to split rings have been reported for design of magnetron
amplifiers as early as 1940s by G. B. Collins [2], dispersion ESR Hyde [3] and
acceleration of charged particles Delayen [4]. The major work in the domain of split rings
started in 1980s when a number of techniques and models were presented to estimate the
key parameters of these structures such as resonant frequency and quality factor.

Resonant frequency of rectangular or cylindrical cavity resonators can be tuned
easily by modification of shape of the cavity or introducing some dielectric of materials.
Perturbation method assumes that the actual fields of a cavity with a small shape or
material perturbation are not greatly different from those of the unperturbed cavity, D.
Pozar [5]. The detailed techniques for perturbation based method along with related
theory have been provided by L. F. Chen [6].

2.1 Basic Split Ring Configuration

Basic split ring resonator consist of a cylindrical ring with slot(s) as shown in
Figure 2.1. The structure shown in the figure can be considered as capacitor and single
turn inductor T. Ejaz [7]. Figure 2.1 shown important physical dimensions of structure
which will be used in this report. Split ring is enclosed in a cavity (termed as shield in

this literature) to avoid power losses due to radiation at high frequencies. Relative

[ s bl

| Y70 L |

— Shield _.II i \-w Fﬂf,=}H= t) |
(] T S F

= = e '-.__|__ __.n"l
g ..I-_,.d'"- £ \':-._ : 3 ‘ i |Rﬂ
0o bl . SR T

Figure 2.1 Basic split ring resonator configuration and its cross-sectional view [7]
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dimensions of shield effect resonant frequency of the resonant structure. Shield is
generally made of a conductive metal or some other material with conductive coating on

it.

2.2 Literature Review

Miniature lumped element circuits for microwave application in X band were
described as early as 1976 by D. Daly [8] in form of interdigital capacitor and loop
inductor. These lumped elements were etched on an MIC substrate. Various
configurations of split ring or loop gap based resonant structures have been described in
literature. These configurations have been designed to meet specific application and
analytical formulations have been proposed to estimate resonant frequency and quality
factor. This section lists down references to some important literature related to theory,
development and application of split ring based resonant structures. D. Pozar [5] provides
basic concepts and theory related to cavity resonators of rectangular and cylindrical
configurations. This book also briefly discusses perturbation methods to tune cavity
resonators using perturbation methods. L.F. Chen [6] provides detailed theory and
techniques for use of perturbation based techniques to characterize materials and
calculate the dielectric constant. Spit ring based techniques have been discussed to
characterize materials.

W. Hardy [9] describes a split ring resonator design for use in 200 — 2000 MHz
range to achieve magnetic resonance with high quality facto. Conventional cavities
become unsuitable due to their large size at these frequencies. Approximate theory for
approximation of resonant frequency and quality factor has also been developed based on
the energies stored in the electric and magnetic fields. This design incorporates the effect
of shield on resonant frequency and quality factor. The analytical formulations have been

summarized by T. Ejaz [7] which are as under for resonant frequency and quality factor:

< t L+ 2
- 2mr, mW R2 — (1, + W)? 2.1

fo



r2

1+

7, RZ — (r, + W)?
Q== T 7 (2.2)
1+(1+ﬂ+&)( i )
1o To Rg - (ro +W)2

Where f, represents resonant frequency, Q represents the quality factor, ¢ is speed
of electromagnetic radiation in free space, u, is permeability of free space and o is the
skin depth of resonator material.

W. Froncisz [10] studied SRR with multiple gaps and developed equations to
approximate resonant frequency for its use in ESR spectroscopy between 1 to 10 GHz.
Gap capacitance and loop inductance has been calculated to estimate the resonant
frequency. No of gaps can be increased and capacitances of theses individual gap can be
connected in series. T. Ejaz [7] modified the design equation to be used for a ring with

single gap. This design also incorporates effect of shield in design equations. These

o |t
Jo = 2nr, |aW (2.3)
< t L+ 2 1
Yo = o, faw M T R — (o, v W2 | 4 25t (24)
w

Equation (2.3) does not include effect of shield whereas Equation (2.4) includes

equations are given as under:

effect of shield in the design for approximation of resonant frequency. Internal radius of
shield should be less than the cut off wavelength for the lowest excited propagation mode
in a cylindrical waveguide without split rings.

M. Mehdizadeh [11] proposed split rings for 1-4 GHz frequency range. Various
methods for tuning of resonant structure to a desired frequency and coupling methods
have been discussed. Axial and radial dimensions of shield should be large enough to
accommodate the magnetic field lines around the split ring.

M. Mehdizadeh [12] published their design equations in 1983 and 1989. These

equations also include the effect of fringing electric and magnetic field on resonant

8



frequency in addition to the effect of shield. Design equations ate given as under:

AZ
c t T2 1+
f, = — |1+ 0 Z (2.5)
2mnr, |nW RE—(mp+W)? |4 AW
W

AZ = 0.18R, , AW = 3t (2.6)

Where Z is the length of the resonator (as per Figure 2.1), AZ and AW are length
extension due to fringe effect of magnetic field and electric field respectively. Uniform
magnetic fields and electric fields have been assumed in the length extensions defined by
AZ and AW. The expressions to approximate AZ and AW have been shown in Equation
(2.6); found by curve fitting of experimental data.

Jia-Sheng Hong [13] presents theory and experiments of microwave filters based
on split ring resonators. The most attractive feature if these filters in their micro-strip
based fabrication and compact size.

J. Pendry [14] showed that microstructures built from nonmagnetic conducting
sheets exhibit an effective magnetic permeability, which can be tuned to values not
occurring naturally. Many magnetic permeabilities can be achieved using variation of
different parameters of split rings.

C. Enkrich [15] discussed use of split ring based microstructures and meta-
materials for telecommunication and visible spectrum in terahertz range.

S. Eaton [16] presented another set of design equations based on earlier works of
W. Froncisz [10] and M. Mehdizadeh [11]. This solution considers coupling conditions

whereas effect of shield has been ignored. Expression for resonant frequency is given as:

1
= 2.7
.fO ZH\/E ( )
Where inductance and capacitances are given as
pomr; 2.8)

L=—-"—
Z +009r,



e W+t)(Z+1¢)

C =€,€, " (2.9)

A. Masood [17] presented a split ring resonator based technique for compositional
analysis of solvents in microcapillary systems in 2008. This technique showed that split
ring based sensors can be developed for analysis of materials.

O. Sydoruk [18] proposed presence of two different types of capacitances in the
structure of split ring; gap capacitance and surface capacitance. Analytical expressions
for calculation of surface and gap capacitance of split ring resonator have been
developed. It has been also established that at very small gaps/splits, gap capacitance
dominates whereas surface capacitance becomes a major contributor as gap increases.
The resonant frequency can be calculated from Equation (2.7). Inductance of the split
ring has been approximated in Equation (2.10) using formulae for one turn inductor given
in F. W. Grover [19]. The derived expressions for gap and surface capacitance are given

by Equations (2.11) and (2.12):

2
[ = Moo (2.10)
Z +009r,
VALY
Cgango (T+Z+W+t> (2.11)

L 28,(Z+W) 4,
Csurface =———log T (2.12)

A

The total capacitance is sum of gap and surface capacitance which is given as:

Crotar = Cgap + Csurface (2.13)

F. Capolino [20] describes use of various split ring based structures for realization
of meta-materials. Approximate expressions for calculation of resonant frequency are
also discussed base on J. Pendry [14]. Broadside coupled configuration will show more
shift in resonant frequency as compared to complementary split rings configurations. The
capacitance of split rings can be added in parallel and average values of self-inductance
of split rings is taken for calculation of resonant frequency of complementary split rings.
These assumptions can be held firm for broad side couple split rings.

10



C. Balanis [21] provides a comprehensive survey regarding evolution and
development of mate-materials and use of split ring based structures to achieve double
negative characteristics. This book also provides detailed theoretical background for
cavity resonators. Cylindrical configuration of shield (which can also be considered as a
cylindrical cavity) offer higher quality factor as compared to rectangular shields. This can
be attributed to reason that circular cavity does not possess as many sharp corners and
edges. The volume and surface area of rectangular cavity are not well utilized by the
interior fields.

A. Abduljabar [22] proposed a new type of microwave microfluidic sensor based
on split ring to detect and determine the dielectric properties of common polar liquids.
The technique is based on perturbation theory, in which the resonant frequency and
quality factor of the microwave resonator depend on the dielectric properties of the
resonator. Electric field within split of ring is perturbed by presence of liquid in a
capillary tube. Sensor design uses micro strip based planer split ring with two gaps at
3 GHz.

D. Rowe [23] presents a method to achieve a low loss split ring resonator for
microfluidic sensing of polar liquids at microwave frequencies. In this method, split ring
made of silver coated copper wire with square cross section and inward extended legs has
been demonstrated to show improved results than conventional split rings. This geometric
manipulation of design enhanced confinement of electric field in the capacitive region of
split ring. Resonant frequency is predominantly set by ring radius and both are inversely
proportional, and partly set by the capacitive gap. Approximate expressions developed by

curve fitting of simulated data are as under:

f =0.0168r% —0.502r +5.19 (2.14)

Q = —8.8r% + 78r + 1810 (2.15)
where f is resonant frequency, Q is quality factor and r is the radius of silver
coated copper split ring placed inside a metallic shield. Optimized parameters of split ring
and shield have been used from T. Ejaz [7] and A. Abduljabar [22], for design of
dimensional configurations. The dimensional configuration used for development of 3-D

11



model in ANSYS HFSS® and simulation are given in Table 3.3. Effect of change in
various parameters such as inner radius, split, height of wire, width of wire have been

modeled and simulated.
TABLE — 3.3: OPTIMIZED DESIGN PARAMETERS FOR SINGLE SRR SIMULATION

Parameter Design value
Inner radius of cavity 19 mm
Shield thickness 7 mm
Height of shield 30 mm
Inner radius of split ring 10 mm
Capacitive gap (split) or ring 1.5 mm
Height of ring wire I mm
Width of ring wire I mm
Geometry of ring wire Square
Material of shield Aluminum
Material of rings Copper
Space inside cavity Air

Figure 2.2 — Design of split ring configuration used for microfluidic sensing [23]

12



T. Ejaz [7] presents a comparative analysis of analytical models developed by W.
Hardy [9], W. Froncisz [10], M. Mehdizadeh [12], S. Eaton [16] and O. Sydoruk [18].
Two key parameters have been calculated and compared with simulated results from
ANSYS HFSS® [24]. An analysis is presented for the correctness and validity of models
for various dimensional configurations of split rings. Analysis revealed that none of the
models could accurately yield the simulated results. It is very important to incorporate all
the parameters including effect of shield, effect of fringing fields, and material of
structure to get the results closer to simulated values. Every dimensional configuration
requires its own set of equations to approximate resonant frequency and quality factor.

A noninvasive and continuous blood glucose monitoring sensor topology based on
dual split rings has been proposed by H. Choi [25] and validated with in vivo and in vitro
interference
tests. One split ring is used as a reference and other is used for sensing. Rings are placed
in broad side coupled configuration and have slightly different dimensions.

M. Wellenzohn [26] proposes a theoretical design of a biosensor device based on
split ring resonators for operation in the microwave regime.

Xutao Tang [27] has demonstrated a method to control the resonant frequency of
micro-strip based broadside coupled split ring resonators using pneumatic pressure. Air
pressure serves to regulate the vertical levitation between the two discs of dielectric
material containing micro-strip split rings etched on a board. Measured and simulated
results have been shown to agree.

T. Hayat [28] presents a simulation based comparative analysis of split rings for
compositional analysis of polar solvents using micro capillary arrangement. Electric field
perturbation has been used to sense the change in permittivity of medium in the
capacitive split of the ring.

T. Ejaz [29] presents a technique to develop shield around a split-ring resonator to
give optimized quality factor. Regression equations have also been developed based on
this technique and statistical analysis for estimation of resonant frequency and quality

factor. Different materials have been considered for fabrication of shield and it has been

13



established with simulated and experimental data that Aluminum provides optimum
results when used for fabrication of shield.

R. Alahnomi [30] proposed a symmetrical split ring resonator (SSRR) based
design for performance enhancement of microwave sensors. Design can be used for
various industrial applications such as food industry, quality control, bio-sensing,
medicine and pharmacy. This paper has illustrated its use for sensing and characterization

of meat samples.
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METHODOLOGY AND SIMULATION

Dimensional configurations of split ring resonator include dimensions of split ring
and shield. A typical split ring resonator along with the outer shield is shown in Figure
3.1. Split rings and shield of cylindrical geometries have been considered in this research
only. Variation in following dimensions of single split ring resonator (enclosed in a

shield) can result in shift in resonant frequency:

o Radius of split ring
o Gap / split of ring
o Width of ring

o Height of ring

(a)

Metal
— Cavity

Split
™ —~ Ring

(b)

Wire
Diameter
-

| |Gap/SpIit
S
[——— |
0 15 30 mm

Figure 3.1 - Design structure for a) split rings within metallic cylindrical
shield (b) split ring showing the gap/ split

16



o Material of ring
° Inner radius of shied

o Height of shield

This configuration consists of single split rings resonator. The single ring inside
shield can be replaced with the dual split ring for dual split ring base configuration. At
first, dimensional configurations of single split ring based resonator have been worked

out for simulation in ANSYS HFSS®.

Dimensional configurations of split rings have been grouped as under:

o Split ring resonator with single ring
o Dual split ring resonator — Complementary split rings
Dimensional
Configurations of SRR
]
+ + P
Cavity SINGLE SR DUAL SRs
Inner Inner - e
- ; Complementary Broadside | | 3
Radius | | Height <R Coupled SR  —
T !
. . Ring Position
R|n.g R].ng Dimensi| | of Ring ||, : :
Radius Height : . nner Split] | Outer Split]
ons | |InCavity| cylinder || Cylinder i il
and outer || and inner Ring R
AR e nter Ring
Split Ring || Split Ring e o
Middle
Ring Ring Ring of
Radius Height| | Dimensions cavity

Figure 3.2 — Flow chart of research methodology to find a suitable configuration for shift in
resonant frequency
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o Dual split ring resonator - Broadside coupled split rings

Methodology to find a suitable configuration to achieve desired shift in resonant

frequency is shown in Figure 3.2 in form of a flowchart.
3.1 Single Split Ring Resonator

Single split ring resonator is simple configuration which has extensively been
researched for material characterizations. Material characterization makes use of intensity
of electric field with the capacitive gap of the ring. Sample under test is placed within the
gap and perturbation caused is measured in terms of shift in resonant frequency and
quality factor. In this method, very small shift in resonant frequency is achieved which is
not sufficient for tunability of resonator. Dimensional configurations of single split ring
based design are discussed in following sub-sections which can result in considerable

shift in resonant frequency.

3.1.1 Verification of Already Published Design for Single Split Ring

D.J. Rowe [23] is one of the recent published works which utilized single split ring
of square wire cross section to carry out microfluidic sensing. The dimensional
configurations of this design are given in Table 3.1. Legs of the split rings have been
extended inward to enhance the intensity of electric field by increasing the capacitive
area of gap. Various dimensional parameters and material selection for this configuration

is shown in Figure 3.3.

TABLE 3.1 - PARAMETERS OF SPLIT RING USED FOR MATERIAL
CHARACTERIZATION [23]

Parameter Unit Value
Ring radius (r;) mm 12.5
Wire profile / cross section Square
Thickness (x;) mm 1
Leg separation (x2) mm 1.5
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Parameter Unit Value

Leg length (x3) mm 6

Shield radius mm 19

Shield height mm 30
Material of ring Silver coated copper wire
Material of shield Aluminum plated with silver

This configuration was simulated by the authors with COMSOL® The same
configuration has been simulated in ANSYS HFSS®. Table 3.2 shows the comparison
between published and simulated results with ANSYS HFSS®.

TABLE 3.2 - COMPARISON BETWEEN PUBLISHED [23] AND SIMULATED RESULTS

Parameter Published result simulated Simulated with Ansys
with COMSOL [23] HFSS

Resonant Frequency (GHz) 1.52 1.37

Quality Factor 1200 1120

It can be seen that results are similar. The variation can be attributed to different
software configurations and techniques to compute the resonant frequency and quality
factor. After the verification of own effort with published results, various configurations

have been simulated in ANSYS HFSS® to observe shift in resonant frequency.

3.1.2 Various Dimensional Configurations Include in Literature survev

3.1.2.1 Vertical Position of Split Ring inside Shield

Position of split ring was changed along the axis of the shield. Initially split ring
was placed 1 mm above the bottom of shield and gradually moved upward till its gap
from top of the shield is 1 mm. Simulated results obtained from ANSYS HFSS® by
parametric analysis are shown graphically in Figure 3.4a. No significant shift in resonant

frequency is observed with change of vertical position of split ring within metallic shield.
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3.1.2.2 Inner Radius of Split Ring

Inner radius of split ring was varied from 6 to 15 mm while keeping other
parameters fixed as noted in Table 3.3. Simulated results obtained from HFSS by
parametric analysis are shown graphically in Figure 3.4b. Resonant frequency decreased

as radius if split ring increased.

3.1.2.3  Split of Split Ring

Split (capacitive gap) of ring was varied from 0.5 mm to 3 mm while keeping
other parameters fixed as noted in Table 3.3. Simulated results obtained from HFSS by
parametric analysis are shown graphically in Figure 3.4c. Shift in resonant frequency was

observed for small split (gap). Shift became insignificant with large gaps.

3.1.2.4 Height and Width of Split Ring

Height of split ring was increased from Imm to 10mm while split ring place at
middle of the cavity. Other parameters were kept fixed as in Table 3.3. Similar width of
split ring was varied from 1mm to 5 mm. Simulated results did not show significant shift

in resonant frequency.

Resonant Frequency vs Vertical Position of Split Ring
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Vertical position of lower split ring wrt to base of cavity in mm

Figure 3.4 a - Resonant frequency of single SSR with variation of vertical position of SR along

cavity axis
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Resonant Frequency vs Radius of Split Ring
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Figure 3.4 b — Shift in resonant Frequency with variation in radius of split ring
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Figure 3.4c — Shift in resonant Frequency with variation in capacitive gap / split of SR

3.2 Dual Split Ring Resonator — Complementary Split Rings

Complementary spit rings are one of the dual configurations which consists to two
co-planer split rings of different radii. Ring with smaller radius is placed inside the ring
with larger radius. The splits of both the rings are generally placed 180° apart to ensure
maximum coupling. This configuration is widely used to achieve negative permeability in
meta-materials [21]. This configuration of split rings is illustrated in Figure 3.5.
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Various positions of split rings within the shield have been simulated and shift in
resonant frequency observed. Configurations very near to bottom and top of shield have
not been considered as these will not ensure uniform distribution of magnetic field lines
inside shield. Positions in the middle of the shield are likely to provide maximum
uniformity to magnetic and electric fields. It can be observed from Figure 3.4b that
smaller radii provide relatively larger shift in resonant frequency than the larger one. The
radii of complementary split rings are selected to be between 6-9 mm as this range of
radii has shown maximum shift in resonant frequency during simulation single split ring
configuration. Selected parameters for complementary split rings are listed in Table 3.4.

TABLE — 3.4: DESIGN PARAMETERS FOR DUAL COMPLEMENTARY SPLIT RING

CONFIGURATION

Parameter Design value
Radius of outer SR 8 mm
Radius of outer SR 6 mm
Capacitive gap (split) or ring 1.5 mm
Dimension of ring wire Immx1mm
Geometry of ring wire Square
Material of cavity Aluminum
Material of rings Copper
Space inside cavity Air

Four dimensional variations were simulated for this configuration of split rings.

(d)

Figure 3.5 — Typical layout of dual complementary split ring configuration
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These configurations are listed briefly in following sub-sections.

3.2.1 Option-I

Inner SR is placed 10 mm above base of shield and remains stationery for this
configuration Outer ring is gradually moved upward along axis of the shield form 10 mm
to 20 mm. The dimensions and geometry of ring wires are same for the inner and outer
split rings. 3-D model is developed and simulated in ANSYS HFSS®. Shift in resonant
frequency has been plotted in Figure 3.6a.

3.2.2 Option-II

In this dimensional configuration, outer split ring is placed fixed at 10 mm above
base of shield and inner split ring is gradually moved upward along axis of the shield
form 10 mm to 20 mm. The dimensions and geometry of ring wires are same for the inner
and outer split rings. 3-D model is developed and simulated in Ansys HFSS. Shift in

resonant frequency has been plotted in Figure 3.6b.

3.2.3 Option-III

In previous two configurations, height and width of both the split rings was
similar. In third and fourth option, the heights of inner and outer rings have been varied.
In this configuration height of inner split ring is changed to 10 mm forming a split
cylinder. Split cylinder is placed 10 mm above base of shield and kept fixed. Outer split
ring dimensions are maintained as per Table 3.4 and gradually moved upward along axis

of shield. The simulated shift in resonant frequency is plotted in Figure 3.6c.

3.2.4 Option-1V

In this configuration height of outer split ring is changed to 10 mm. Both the rings
are placed 10 mm above base of shield as initial position. Dimensions of inner split ring
are kept as per Table 3.4 and inner split ring is gradually moved up along axis of cavity.

The shift in resonant frequency is plotted in Figure 3.6d.
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Figure 3.6a — Shift in resonant frequency — Option-I
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Resonant Frequency vs Position of Inner Split Ring
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Figure 3.6d — Shift in resonant frequency — Option-IV
3.3 Dual Split Ring Resonator — Broadside Coupled Split Rings

In this configuration, two rings of similar radii, cross section and material are
vertically stacked along axis of the shield with gap between them. The splits of these
rings are positioned 180° apart to ensure maximum coupling as in case of complementary
split rings. This type of configuration can provide greater shift in resonant frequency
owing to increased capacitance between the rings [20]. In these configurations one ring is
kept static (fixed) at a position within the shield and other is moved relative to fixed ring
over 10 mm. [27] has demonstrated shift in resonant frequency of micro-strip based
broadside couple resonators when one ring is moved 0.2 mm away from stationary ring.
Typical configuration is shown in Figure 3.7 for two broadside coupled split rings.

Design parameters for this configuration are listed in Table 3.5.

©

N

Upper
Ring ———

Lower
Ring

Figure 3.7 — Typical layout of dual complementary split ring configuration
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TABLE - 3.5: DESIGN PARAMETERS FOR DUAL BROADSIDE
COUPLED SPLIT RING RESONATOR

Parameter Design value
Radius of inner and outer split rings 10 mm
Capacitive gap (split) or ring 1.5 mm
Dimension of ring wire ImmxImm
Geometry of ring wire Square
Material of shield Aluminum
Space inside shield Air

Two options were simulated for this configuration. Options with split ring placed

near bottom and top face of shield are not considered due to reasons mentioned earlier.

3.3.1 Option-I

Lower ring was placed fixed 1 mm above the bottom of the shield. Upper split ring
was place 1 mm above the fixed lower split ring. Upper split ring was moved gradually
over a distance of 10 mm from its initial position. Simulated shift in resonant frequency
was recorded through parametric analysis in ANSYS HFSS®. Simulated shift in resonant

frequency is plotted in Figure 3.8a.

3.3.2 Option-II

This option is similar to option I with the difference that lower split ring is placed
10 mm above base of cavity. Simulated shift in resonant frequency is plotted in Figure

3.8b.
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Resonant Frequency vs Gap between Split Rings
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Figure 3.8a — Shift in resonant frequency — Option-I
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Figure 3.8b — Shift in resonant frequency — Option-II
3.4 Analysis of Simulated Configurations

Data of results of three configurations of split ring resonators have been analyzed

and discussed with a focus on amount of shift in resonant frequency in following section.
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3.4.1 Single Split Ring Resonator

From the results of simulations in ANSYS HFSS®, it can be observed that
tunability over a considerable broad range cannot be achieved by change of position of
split ring along axis of the shield. This can be attributed to the fact that inner surface
areas of shield and split ring remained unchanged in this configuration which resulted in
stable resonant frequency. Some irregularities are observed for positions of ring very near
to shield’s base and top. These can be due to interaction of fields of split ring with the
shield surface. This aspect is not covered in this research as uniform distribution of

electric and magnetic fields has been assumed [11].

A significant shift in resonant frequency was observed when radius of split ring
was varied from 6 to 15 mm. Change in radius changed surface area of split ring however
split (capacitive gap) was maintained for all radii. Change in radius changed overall self-
inductance and surface capacitance of split ring [18]. Resonant frequency decreased with
increase in ring radius showing inverse proportion. This option provides maximum shift
in resonant frequency for tunability of resonator. This option is limited by difficulties to
implement variable radius of a metallic ring inside cavity. However, this analysis
provides an insight to the range of radii of SR which provide maximum shift in resonant
frequency.

Shift in resonant frequency is also observed for change in split. Resonant
frequency becomes stables for larger splits. In this case shift in resonant frequency is due
to change in capacitance caused by the split between the split faces. Self-inductance and
surface capacitance remains largely unchanged. However, gap capacitance increases
sufficiently as split reduces. Overall capacitance of SR is combination of surface
capacitance and gap capacitance. Gap capacitance dominates at narrow gaps only causing
resonant frequency to shift.

Change in height and width of split rings does not provide signification shift in
resonant frequency required for tunability of resonator. Furthermore, these options are

not practically easy to implement for metallic split rings.
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3.4.2 Dual Split Ring Resonator — Complementary Split Rings

Shift in resonant frequency has been observed for various options of
complementary split ring configurations. This configuration can also be considered for
tunability of split rings as it provides significant shift in resonant frequency. Detailed
observation of simulated data reveals large variations in adjacent values. This
configuration can be easily implemented and a mechanism to move / displace

complementary split rings can be designed.

3.4.3 Dual Split Ring Resonator — Broadside Coupled Split Rings

In case of broadside coupled configuration of split rings, considerable shift in
resonant frequency is achieved in both the simulated configurations. This shift in
resonant frequency can be attributed to change in the broad side coupling of two dual
split rings as inter ring gap is varied. Increase in gap between the rings reduces the broad
side coupling and hence results in shift in resonant frequency. Although split rings placed
near the bottom of the shield provide better shift in resonant frequency however this
configuration is not considered viable as it violates the basic assumptions for the
uniformity of the fields.

This configuration can also be implemented practically with development of a
mechanism for precise and smooth movement of one of the dual rings along axis of the

shield.

3.4.4 Comparison between Single and Dual Split Ring Configurations

Results of ANSYS HFSS® simulations for single, dual complementary and
broadside coupled split rings have been plotted in a combined form in Figure 3.9 for
purpose of comparisons. Horizontal axis in plotted figure represents vertical position of
split ring and radius of radius of split ring in mm for single split ring configuration, inter
ring gap in mm for dual configurations of complementary and broadside coupled split

rings.
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Broadside coupled configuration of split rings is the most suitable to achieve

considerable shift in resonant frequency due to the reasons listed below:

Broadside coupled configurations provide 0.55 GHz and 0.45 GHz shift in
resonant frequency over 10 mm of inter ring gap, more than that of single
split rings (less change in ring radius) and complementary split rings.

Shift in resonant frequency is smoother as compared to complementary
configuration.

It is easy to model smooth shift in the resonant frequency (smooth curve)

by analytical modeling and curve fitting techniques.

It is pertinent to notice that for large vertical gap between the split rings for

broadside coupled configuration (See broadside inset in Figure 3.9), the values of

resonant frequency approach the values for single split ring configuration. This shows

that the coupling between the two rings at these values of inter ring gap has weakened to

the minimum. Furthermore, amount of shift in resonant frequency reduces with increase

in inter ring gap. This phenomenon indicates dependence of resonant frequency on inter
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ring gap.
Complementary split ring configuration also provide considerable shift in resonant

frequency however this configuration has not been researched further due to following

aspects:

o Simulated shift in resonant frequency is less than broadside coupled
configuration.

o Shift in resonant frequency is very sharp for small inter ring gaps and
minimal shift after that.

o Large number of irregularities in simulated data points as compared to
broadside couple configuration.

o Relatively difficult to implement practically as compared to broadside

coupled configuration.
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CHAPTER 4
OPTIMIZATION
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OPTIMIZATION

Broadside coupled split ring configuration was selected for optimization
based on the results of simulated data of Chapter 3. The optimization has been
carried out to reach dimensional configurations of dual broadside couple split ring
resonators which will provide maximum shift in resonant frequency with change in
inter ring gap. Quality factor of resonator has also been included as another
deciding factor during this optimization. Very less variation in quality factor is
required to ensure constant bandwidth and selectivity of resonator. Sharp variations
in quality factor will induce big variations in bandwidth. Maximum shift in
resonant frequency and minimum variance in quality factor is the optimization

criteria required for dual broadside coupled split ring configuration.

This chapter covers overall optimization scheme and resultant optimized
dimensional parameters of dual broadside coupled split rings configuration.
Uniform electric and magnetic fields have been assumed to exit within this
structure. The electric field is supported between the two parallel faces of split
whereas magnetic field surround the split rings. Conduction current flows

circumferentially on the inner surface of shield and split rings [12].

4.1 Optimization Scheme

Radius of split rings, shield and position of split rings inside shield has been
considered for the optimization of split ring resonator. Resonant frequency and
quality factor have been simulated for each dimensional variation using parametric

analysis in ANSY'S HFSS®.
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4.2 Optimized Parameters for Shield

Split rings are enclosed inside a metallic shield to avoid losses due to
radiation at high frequency. Dimensions of shied should be large enough to ensure
uniformity of magnetic field inside the split ring and in the annular region between
the outer surface of split rings and inner surface of shield. Various configurations
of shield have been simulated in ANSYS HFSS® and following dimensions of

shield have been selected:

° Inner radius of shield — 33 mm
o Inner height of shield — 30 mm
° Thickness of shield wall — 7 mm

4.3 Optimization of Split Rings

Split ring dimensions of Imm x 1mm, square cross section have been used
as these will provide maximum inter ring capacitance due to their geometry.
Furthermore, capacitance in the gap will be more compared to the circular wire of
1 mm diameter. The split of 1 mm is used in both the rings. Splits are placed 180°

apart to ensure maximum coupling.

Second aspect for optimization of split rings is their placement inside shield
along axis of shield. Available options are listed below for broadside coupled rings
which have been simulated in HFSS and resultant shift in resonant frequency and

variance in quality factor have been recorded.

o Option — 1. Lower ring placed 1 mm above bottom of shield (bottom
configuration)
o Option — 1. Lower ring placed 5 mm above bottom of shield

o Option — III. Lower ring placed 10 mm above bottom of shield
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(a) Option-I (1mm) (b) Option-II (5Smm)
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(c) Option-III (10 mm) (d) Option — IV (15 mm) (e) Option — V (20 mm)
Figure 4.1. — Options for optimization of broadside coupled split ring configuration

o Option — IV. Lower ring placed 15 mm above bottom of shield
(middle of shield)

o Option — V. Lower ring placed 20 mm above bottom of shield

For each option, upper ring is initially placed above the lower split ring with
inter ring gap of 1 mm. Upper ring is moved upward gradually with a step of 0.5
mm for maximum inter ring gap of 10 mm using parametric analysis in ANSYS
HFSS®. These options are shown in Figure 4.1. In addition to above, radius of
split rings has also been varied from 8 mm to 12 mm using parametric analysis.
Simulated results of shift in resonant frequency and quality factor will provide the

values for radii of split rings which will meet the optimization criteria.

First and fifth options have not been considered in this research as enough
space between the shield and rings in not available to ensure uniformity of
magnetic field lines. In case of first option, lower split ring is very close to base of
shield whereas in fifth option last position of upper split ring will become very

close to the top surface of shield (almost 1 mm for inter ring gap of 7 mm).
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4.4 Optimization with respect to Shift in Resonant Frequency

Simulated shift in resonant frequency is plotted in Figure 4.2 for various

inner radii of rings for 2™, 37 and 4™ options.
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Figure 4.2a— Shift in resonant frequency for Option-II (5 mm) of dual BC-SSR for various ring
radii
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ring radii

Following can be inferred from detailed investigation of the plotted results in

Figure 4.2 (a-c):

o Smaller radii of split rings result in higher resonant frequencies as
compared to larger radii.

o Smaller radii split rings provide more shift in-between adjacent values
of inter ring gap. Maximum continuous positive shift in resonant
frequency is achieved within 3-4 mm of inter ring gap.

o Data points for larger radii (10, 11 and 12 mm) are regular than the
smaller radii which result in smooth plot.

o Resonant frequencies for smaller radii (8, 9 mm) change abruptly for
larger inter ring gaps.

o Resonant frequency for larger radii provide almost continuous rise in

resonant frequency for small inter ring gaps which becomes stable
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with increase in gap. Shift in resonant frequency can be achieved up
to 7 mm of inter ring gap.

o It will be easy to develop an analytical model for smooth and regular
set of data points.

o Design with larger inner radii split ring will provide better selectivity

of frequencies for tenability of resonator.

Based on above, rings with larger inner radii (10,11) will provide better
results than the smaller radii. Smaller radii provide more shift in resonant

frequency but data points are not regular and smooth.

Maximum shift in resonant frequency quantifies the usefulness of
dimensional configuration. Maximum shift in resonant frequency can be
determined from maximum and minimum values of resonant frequency for a
particular option. Two more parameter have been introduced to evaluate specific
option for tunability; usable shift in resonant frequency and usable inter ring gap.
Continuously positive shift in resonant frequency will be necessary for design of
split ring based tunable resonator. Usable range of inter ring gap can be defined as
the maximum value of inter ring gap which will result in continuously positive

shift in resonant frequency.

Table 4.1 provides a statistical comparison between various options with
different radii of dual broadside coupled split rings with respect to maximum shift
in resonant frequency, usable shift in resonant frequency and usable inter ring gap

for usable shift in resonant frequency.
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TABLE —4.1: COMPARISON OF SIMULATED DATA FOR SHIFT IN RESONANT

FREQUENCY
Positon of Internal Max shift in Usable shift in Inter ring gap for
lower ring  radii of split resonant resonant usable frequency
in shield ring (mm) frequency (GHz) frequency (GHz) (mm)
5 mm above 8 0.69 039 3
base of 9 0.63 0.45 3.5
shield 10 0.65 0.46 4
(Option-II) 11 0.53 0.38 4
12 0.52 0.28 3
10 mm above 8 0.79 0.64 5
base of 9 0.67 0.50 5
shield 10 0.59 0.39 3
(Option-III) 11 0.58 0.58 7.5
12 0.52 0.52 5
15 mm above 8 0.79 0.40 3
base of 9 0.78 0.49 4.5
shield 10 0.69 0.50 6.5
(Option-1V) 11 0.57 0.49 6
12 0.56 0.39 4.5

Table 4.1 also supports the findings inferred from Figure 4.2. Values of
usable inter ring gap are very small for Option-II which will reduce the selectivity
of the resonator for tunability. Option-III and Option-IV provide much larger range
of usable inter ring gap and usable shift in resonant frequency. Hence Option-III
and Option-IV with split ring radii of 10 and 11 mm (shown in bold) can be termed

as optimized design for tunable split ring resonator based on shift in resonant

frequency.
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Figure 4.3 — Variation in quality factor at various positions of lower ring with
different radii of split rings

4.5 Optimization with respect to Quality Factor

Second important aspect for optimization of broadside coupled split ring
resonator configuration is quality factor. Ideally quality factor should remain
unchanged throughout this configuration to ensure a fixed bandwidth and
selectivity of frequency while tuning the resonator. However, it is not possible due
to various factors including coupling, effects of shield and movement of split rings.
For best results it is required to select those configurations which offer minimum

variations in quality factor over the useful range of inter ring gap.

Options II, III and IV of broadside coupled split rings have been simulated
on the lines of resonant frequency. Table 4.2 shows variation in quality factor for
each configuration over the useful range of inter ring gap and radii. Variation in

quality factor for each configuration is plotted in Figure 4.3 for comparison.
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TABLE —4.2: SIMULATED VARIATION IN QUALITY FACTOR

Internal Variation in Quality Factor

radii of split | Lower ringat5 Lowerringat10  Lower ring at 15

ring (mm) mm mm mm
8 300 417 335
9 313 414 403
10 319 422 247
11 354 270 322
12 355 230 284

Option-II of broadside coupled configuration shows relatively high variation
in quality factor. Option II and Option-1V show lesser variation in quality factor
for radii of 10 and 11 mm which have already been selected based on shift in

resonant frequency.

4.6 Optimized Dimensional Configuration of Dual Broadside Coupled Split
Ring Resonator

Optimized dimensional parameters of dual broadside coupled split ring
resonator for tunability are tabulated in Table 4.3. Figure 4.4 shows shift in
resonant frequency of dual broadside couple split ring resonator based on

optimized dimensional parameters.

TABLE —4.3: OPTIMIZED PARAMETERS FOR DUAL BROADSIDE COUPLED SPLIT

RING RESONATOR
Parameter Design value
Shield Inner radius 25~30 mm
Inner height 30 mm
Thickness of wall 7 mm
Material Aluminum
Medium inside shield Air
Split Rings Height I mm
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Parameter

Design value

Width 1 mm

Split 1 mm

Internal radius 10, 11 mm
Minimum inter ring gap 1 mm

Max inter ring gap Up to 7.5 mm
Material Copper

Position of lower split ring 10 mm above base of shield
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Figure 4.4— Simulated resonant frequency for optimized dual broadside coupled split ring
resonator
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CHAPTER 5
ANALYTICAL MODEL AND

DISCUSSION
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ANALYTICAL MODEL AND DISCUSSION

Analytical models have been developed by [9], [10], [12], [16] and [18] to
approximate resonant frequency of split ring resonator used for particular application in a
particular configuration. Some of these models also give equations to estimate quality
factor as well. All these models have been developed for use on single split ring
resonators. A comprehensive comparison has been carried out [7]. It has been found that
developed analytical models only satisfy a configuration, hence each model needs its own

set of equations to estimate resonant frequency and quality factor.

Complementary split ring configuration is being actively used in realization of
negative permeability in meta-materials and expressions have been developed to estimate

the resonant frequency [20].

5.1 Background

Two main approaches have been used for analytical modeling of split ring based
resonators. One of the approach relies on modeling of electric and magnetic fields present
inside the shield and split rings; and electric and magnetic energies stored and dissipated.
Second approach models split ring resonator as an inductive capacitive (LC) resonant
network and calculates the resonant frequency using Equation (2.7). Major challenge in
this approach is to model the inductive and capacitive elements of split rings. In case of
dual broadside coupled split ring resonators, overall inductance and capacitance of LC

model needs to be estimated.

LC resonant network based model has been used to developed an analytical
expression for approximation of resonant frequency of dual broadside coupled split ring
resonator configuration. [18] have developed expressions which estimate overall
capacitance of a split ring as a combination of surface capacitance and gap capacitance.
Equation (2.11) to (2.13) approximate overall capacitance of a single split ring. Self-
inductance of split ring is estimated by using formulae [19]. Capacitance of split rings

can be added in parallel and average self-inductance of both the rings can be taken as

45



Wire
Diameter
f—

L ¢ coil —C
capacitor

Figure 5.1 — LC resonant network model for single split ring resonator
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overall inductance for complementary split rings. Same assumptions can be applied for

broadside couple configurations of split rings [20].

5.2 Analytical Model

A single split can be modeled as a LC resonant network composed of a one turn
inductor and a capacitor. This model is shown in Figure 5.1 where inductance is
calculated by Equation (xx) and overall capacitance is calculated by Equation (2.10). This
model has been used for development of model for dual broadside coupled split rings

configuration.

5.2.1 Assumptions and Basic Model

Following has be assumed for development of analytical model for dual split ring

resonators based on previous research:

o Uniform electric and magnetic fields are present inside the shield and split
rings. Dimensions of shield are large enough to ensure closed path for
magnetic field lines to satisfy the divergence of magnetic flux is zero.

o Resonant frequency of split ring resonators is less than cut off frequency of
shield to avoid existence of higher order modes due to shield.

o Fringe effect is considered to extend the uniformity of magnetic and electric
field beyond physical dimensions of split rings. Effect of fringed magnetic
and electric fields can be approximated by Equation (2.6).
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Figure 5.2 — LC resonant network model for dual broadside coupled split
rings configuration based on ring capacitances only

o Presence of shield effects the resonant frequency of resonator. Effect of
shield on resonant frequency can be approximated.

o Capacitance of both the split rings can be considered in parallel. Overall
capacitance will be arithmetic sum of both the capacitances.

o Average value of self-inductance of both the split rings have been used to
approximate the overall inductance. Rings have been considered as one turn

inductor (split has been neglected).

Based on above assumptions, LC model developed for broadside coupled split
rings configuration is shown in Figure 5.2. This model is based on the complementary

configuration of split rings which are co-planer Capolino [20].

5.2.2 Proposed Model Based on Inter Ring Capacitance

Another type of capacitance is proposed for dual broadside coupled split rings
which is present due to near vicinity of two electrically charged conductors; in this case
two split rings. This capacitance can be termed as coupling capacitance or inter ring
capacitance. This capacitance will also be parallel to the other capacitances in already
developed model. Figure 5.3 shows modified model of dual broadside coupled split ring
resonator. Here Ciuer ring 18 the capacitance between two rings. Total capacitance will be

given as under:

Ctotal = Cgap + Csurface + Cinter_ring (5'1)
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Figure 5.3 — LC resonant network model for dual broadside coupled split
rings configuration with proposed inter ring capacitance

This capacitance intuitively should be greater for small inter ring gaps and reduce

as inter ring gap increases. This capacitance depends upon inter ring gap. Model of dual

broadside couple split rings is shown in Figure 5.3.

5.2.3 Calculation of Inter Ring Capacitance

Cinter ring can be calculated using parallel plate capacitor analogy. Lower face of
upper split ring and upper face of lower split rings can be considered as two parallel
plates of conducting materials. The gap between the plates is filled with air; which can be

considered as dielectric medium. Capacitance between broadside coupled faces of split

rings analogous to parallel plate capacitor is given as under:

£,E, A

Cinter_ring = d

where
Eo 1s permittivity of free space in Farads/meter

€, 1s relative permittivity of medium (in this case air)

A 1s the area of parallel faces which contribute capacitor in square meters

d 1s inter ring gap in meters

One face of split ring is shown in Figure 5.4 for purpose of calculation of area 4 in

Equation 5.2 which constitutes parallel plate capacitor. Area 4 can be calculated by

following expressions:

48



Figure 5.4 — Calculation for inter ring capacitance using parallel plate
capacitor model

A= 7 ((ro+W)?-1,2) - (WX 1) (5.3)
where
7o 1s the internal radius if split ring
W is the width of split ring
¢ 1s the width of split

Value of inter ring capacitance can be calculated by substituting value of 4 from
Equation 5.3 into Equation 5.2. Total capacitance has been calculated and tabulated in

Table 5.1 for various values of inter ring gap.

TABLE —-5.1: TOTAL CAPACITANCE CALCULATED INCLUDING INTER RING

CAPACITANCE
Inter ring gap Capacitance (F)
(mm) gap surface inter_ring Total
I 3.54167E-14  4.15866B-14  5-75287E-13 7.29E-13
1.5 3.54167E-14  4.15866E-14  3-83525E-13 5.38E-13
2 3.54167E-14  4.15866E-14  2-87644E-13 4.42E-13
25 3.54167E-14  4.15866E-14  230115E-13 3.84E-13

49



Inter ring gap Capacitance (F)
(mm) gap surface inter_ring Total
3 3.54167E-14  4.15866E-14  1.91762E-13 3.46E-13
3.5 3.54167E-14  4.15866E-14  1.04368E-13 3.18E-13
4 3.54167E-14  4.15866E-14  1.43822E-13 2.98E-13
4.5 3.54167E-14  4.15866E-14  1.27842E-13 2.82E-13
> 3.54167E-14  4.15866E-14  1.15057E-13 2.69E-13
3.3 3.54167E-14  4.15866E-14  1.04598E-13 2.59E-13
6 3.54167E-14  4.15866E-14  9-58812E-14 2.5E-13
6.5 3.54167B-14  4.15866E-14  8.85057E-14 2.43E-13
7 3.54167E-14  4.15866E-14 ~ 8-21839E-14 2.36E-13
7.3 3.54167E-14  4.15866E-14  7-67049E-14 2.31E-13
8 3.54167E-14  4.15866E-14  7-19109E-14 2.26E-13
8.5 3.54167E-14  4.15866E-14  6.76808E-14 2.22E-13
? 3.54167B-14  4.15866E-14  0.39208E-14 2.18E-13
9.5 3.54167E-14  4.15866E-14  6-05565E-14 2.15E-13
10 3.54167E-14  4.15866E-14  5-75287E-14 2.12E-13

Table 5.1 shows values of Coap, Csurfuce, Cinter ring and Ciosal for various values of inter ring
gap. Cgeqp and Csurace are constant as these depend on fixed dimensional parameters of
split rings whereas Ciner ring decreases with increase in inter ring gap. Due to the
contribution of Cinser ring, Crorar decrease with increase in inter ring gap. Values shown in

Table 5.1 have been plotted in Figure 5.5 which shows fixed and variable capacitances.
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Figure 5.5 — Different types of capacitances of dual broadside coupled split
rings

5.3 Comparison of Simulated and Calculated Results

Simulated and calculated resonant frequency for dual broadside coupled split ring
resonator is tabulated in Table 5.2 and plotted in Figure 5.6 for comparison and
discussion. Calculation are based on the modified expressions for capacitance and
existing established expressions for inductance, effect of shield and effect of fringing

fields. Calculated values of constants other than the capacitance are as under:

o Average inductance (based on Equation 2.10) =4.272 x 108 H
o Effect of shield (based on part of Equation 2.5) = 1.1902
o Fringe Factor (based on Equations 2.5 and 2.6) = 1.0512

TABLE - 5.2: COMPARISON BETWEEN CALCULATED AND SIMULATED RESUCTS

FOR RESONAT FREQUENCY
Inter ring gap Resonant Frequency (GHz) %
(mm) Calculated Simulated Difference Difference
1 1.128 1.151 -0.023 -2.03
1.5 1.314 1.273 0.041 3.21
2 1.450 1.344 0.106 7.87
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Inter ring gap

Resonant Frequency (GHz)

Y%

(mm) Calculated Simulated Difference Difference
2.5 1.554 1.433 0.121 8.45
3 1.638 1.483 0.155 10.46
3.5 1.707 1.447 0.260 17.97
4 1.765 1.505 0.260 17.27
4.5 1.815 1.578 0.237 15.01
5 1.857 1.492 0.366 24.51
5.5 1.895 1.455 0.439 30.17
6 1.927 1.555 0.372 23.94
6.5 1.956 1.636 0.321 19.60
7 1.982 1.653 0.329 19.91
7.5 2.006 1.561 0.445 28.50
8 2.027 1.685 0.342 20.29
8.5 2.046 1.709 0.337 19.74
9 2.064 1.657 0.407 24.54
9.5 2.080 1.700 0.380 22.32
10 2.095 1.462 0.633 43.31
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Figure 5.6— Simulated and calculated resonant frequency for optimized dual broadside coupled
split ring resonator

5.3.1 Comparison

Comparison of simulated and calculated data gives following:

o Values of resonant frequency calculated from modified expression
(including inter ring capacitance) for capacitance generally follow the
similar pattern / trend as observed in simulated data.

o Calculated values with shield and fringe effects are closer to simulated
values for smaller inter ring gaps which comprises the usable range. This
indicates that shield and fringing effects the resonant frequency at smaller
inter ring gaps.

o Calculated values without shield and fringe effects are closer to simulated
values for larger inter ring gaps. This shows that shield and fringing do not

affect the resonant frequency for large inter ring gaps.
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° Almost a constant offset can be seen between calculated values and

simulated values for values of inter ring gap larger than 5 mm.

5.3.2 Discussion

In this research work a configuration of split ring resonators have been optimized
to achieve tunability over a considerable range of frequencies. An optimized design has
been presented in Chapter 4. An effort has been made in Chapter 5 to develop an
analytical model for the optimized design. LC resonant network based analytical model
of dual broadside coupled split ring resonator provided results similar to the simulated
but not very accurate. In this research, an expression has been developed to calculated the
total (overall) capacitance of dual broadside coupled split rings which exhibited its
dependence on inter ring gap. The difference between calculated and simulated results

can be attributed to the following factors:

o Overall inductance of both the split ring needs to be calculated and its
dependence on inter ring gap established.

o Split rings will have varying degree of mutual inductance for varying inter
ring gaps. Expression for inductance calculations needs revision.

o Effect of shield is a constant multiple / factor which has been derived for
one split ring configuration. Shield will affect the resonant frequency more
when the split rings are near to each other due to strengthened magnetic
field in the center of split rings and annular region between the split rings
and inner surface of shield. This effect will be reduced due to weakened
magnetic field of split rings at relatively large inter ring gaps.

o Effect of fringing magnetic fields will be different when split rings are near

each other and when placed at relatively greater distance.

Development of analytical model for overall inductance, effect of shield and fringe
effect incorporating variable inter ring gap for dual broadside coupled split ring model

can increase the accuracy of the calculations.
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CONCLUSION AND FUTURE

WORK
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CONCLUSION AND FUTURE WORK

6.1 Conclusion

Split ring resonators and their use in material characterization and meta-materials
are active research area and a lot of studies are underway around the globe. These
microwave structure provide a variety of challenges in form of their development,
modeling and applications. The initial focus of this research was to find a suitable
configuration of split ring based resonator which can provide considerable shift in
resonant frequency due to dimensional variation to achieve tunability. Dual broadside
coupled split ring configuration was selected and optimized with respect to resonant
frequency and quality factor. An approximate analytical model was developed on basis of
LC resonant network analogy. A comparison was presented for results from analytical
model and simulation; which showed similarities in general and accuracy of 20% within
usable range. Proposed method is novel and has not been applied in this scenario before.
Utmost effort has been put in to face this multifaceted problem, but it is very difficult to
cover all avenues within scope of this study. However, results achieved during this study

are very encouraging and promising.

6.2 Future Work

As discussed in earlier sections, main research areas for split ring resonators are
material characterization, sensing and meta-materials. Although there is room for
improvement in every area mentioned, but especially, a lot of research effort is required
for modeling, revision and design of factors mentioned in discussion. This research also
provides a jump off point to the field of meta-materials which is most emerging and

poses challenges to researchers.
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