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Abstract
Microstrip resonators create plasma at room temperature and atmospheric pressure when
powered by low power microwave sources. It is possible to generate plasmas in several
microstrip resonators while powering a single resonator due to a phenomenon known as resonant
coupling. The nature of resonant coupling was investigated in this project. An electromagnetic
wave simulation was used to create and simulate models under ideal test conditions not possible
in the laboratory. Specifically, an individual resonator was placed in electric or magnetic
isolation and the effect on coupling to another resonator was observed. These investigations
demonstrate that the nature of coupling among closely-coupled microstrip resonators is primarily
electrostatic rather than electromagnetic or magnetostatic.
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I. INTRODUCTION
Plasma, the fourth state of matter, is a collection of ionized gas atoms and molecules. Stars,
fluorescent lamps, and lightning are some examples of common forms of plasma. Due to its
chemical reactivity and electrical conductivity, plasma has a wide variety of industrial
applications. It is used in the sterilization of medical equipment as it destroys not only bacteria
but also inactivates various pathogenic bio-molecules [1]. Plasma display panels now have
performances comparable to that of cathode ray tube monitors [2]. Plasma plays a vital role in
the fabrication of semiconductor integrated circuits and other electronic devices. For example,
plasma-assisted chemical vapor deposition (PACVD) is a widely used process for etching or
depositing thin films on substrates. During PACVD, plasma breaks down a gas mixture into
atoms, molecules or ions which then react with the solid substrate; depending on the nature of
the reaction, etching or deposition occurs [3].

Currently, industrial plasma is generated either at high temperatures and atmospheric pressure or
at low temperatures and vacuum. Both of these methods are expensive and there is a demand for
cold atmospheric plasma. One potential application of cold plasma is in the production of
photovoltaic solar cells on low-cost materials such as plastic by PACVD. Solar cells are
expensive because the high temperature PACVD process requires the use of expensive substrate
that can withstand the temperature and the low temperature process requires a continuous
maintenance of a vacuum. The use of cold atmospheric plasma would overcome both of these
problems and therefore can be used to produce cheap solar cells.
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Microstrip transmission lines are commonly used to guide high-frequency signals between
components in microwave circuit designs. Recent advances have shown microstrip resonators,
consisting of the microstrip geometry on one side of a dielectric and a ground plane on the other
side, generate stable atmospheric plasma when powered by a low-power microwave source [4].
Each resonator creates a single small point of plasma with a typical size of 0.2 mm. However,
industrial applications, such as coating one material with another, often require a continuous line
of plasma. It was theorized that it might be possible to create a continuous line of plasma by
connecting a number of identical resonators in parallel such that their plasmas are aligned.
Chapter 2 describes the summer scholar project that was conducted to investigate the effect of
connecting two identical microstrip split-ring resonators in parallel and the follow-up research on
operating linear array of microplasmas by resonant coupling.

Chapter 3 consists of descriptions of: (i) the electromagnetic field simulator software, Ansoft
High Frequency Structure Simulator (HFSS) V 11.1 that was used to create and simulate models
under ideal conditions to determine the nature of coupling; (ii) the three different models (single
resonator, two identical resonators and two identical resonators with a divider in between) that
were simulated.

The significant simulation results (S-parameter for single and two identical resonators; Sparameter, electric and magnetic fields and surface currents for resonators with perfect
conductor, perfect E and perfect H dividers in between) and the related discussions are presented
in Chapter 4. All the other simulation results are documented in the Appendix.
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The conclusions for this thesis are drawn in Chapter 5. It is first established that the nature of
coupling is electromagnetic. This is then further narrowed down and the nature of coupling is
shown to be predominantly electrostatic.

8

II. BACKGROUND
A drawing of the top-view of a split-ring resonator is shown in Fig. 1. The microwave power
supply is connected to the resonator at the port. At a characteristic frequency, which depends on
the ring geometry and the dielectric properties, the resonator absorbs most of the power it
receives from the source. This phenomenon is known as resonance. At resonance, the
circumference of the ring is half the wavelength of the voltage wave. As a result, the voltages at
the two ends of the ring are 180˚ out of phase and maximum voltage difference occurs across the
gap. The high voltage difference over a small distance creates a strong electric field; gas
molecules in the vicinity will be ionized if the strength of this field exceeds approximately 3 MV
per meter.

Fig. 1 - Split-ring resonator
To ensure maximum power transfer, the impedance of the microstrip circuit at the resonant
frequency has to match that of the power source. For a given radius and strip width, the
impedance of a split-ring resonator varies with the port angle. Fig. 2 shows how the resonance
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impedance of a 20mm-radius FR4 board resonator simulation varies with port angle. Ansoft
EnsembleTM is a simulation software that can compute the: (i) port impedances and propagation
constants, (ii) S parameters and (iii) basic electromagnetic field quantities and radiated electric
fields for multi-layer planar structures [5]. EnsembleTM was used to find the optimum port angle
for a 100 Ω, 20mm-radius ring. The impedance of the power supply is 50 Ω. For n resistors
connected in parallel, the equivalent resistance, R is given by
1/R = 1/R1 + 1/R2 + …..+ 1/Rn

(1)

Therefore, two 100Ω resonators connected in parallel have an equivalent impedance of 50 Ω,
matching the impedance of the power source and ensuring maximum power transfer. The design
was fabricated on R/T DuroidTM laminate using a micro-milling machine, LPKF S60. The rings
were mirror images of each other so that when they were placed back to back for parallel
connection, their gaps were aligned.
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Fig. 2 – variation of resonance impedance of a 20mm-radius FR4 board resonator simulation
with port angle
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The vacuum manifold can only operate one vacuum chamber at a time. Therefore some
improvisations were made to allow the presence of helium in both gaps at the same time (Fig. 3).
Tiny holes were drilled through the laminate at the centre of one of the ring resonators and at the
gaps of both resonators. Part of the ground plane and some of the dielectric beneath it were
removed from the resonator with two holes to form a furrow joining the two holes. In addition, a
shallow cavity surrounding the gap hole was also created in the ground plane. Now when the
rings are placed back to back, there is a channel connecting the hole at the centre with the holes
at the gaps. When gas is continuously passed into the channel through the centre hole, high
pressure builds up and the gas is forced out in jets through the gap holes.

Fig. 3 - improvisations made to allow the presence of helium in both gaps at the same time

Once the resonators were placed back to back, the ground plane was no longer accessible to
make electrical connections. This problem was overcome by soldering a strip of copper onto one
of the ground planes such that it jutted out and created an extension of the ground plane. The
resonators were joined back to back using a loop of epoxy that surrounded the furrow and holes.
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This arrangement served the dual purpose of attaching the two resonators and ensuring the
channel between them is air-tight. A coaxial cable was used to connect the resonators in parallel.
One end of the coaxial cable was cut to expose the wire meshes. The outer conductor of the cable
was soldered onto the ground. The inner conductor was divided in half and soldered onto each of
the two ports. A plastic tube was attached over the centre hole to pass helium into the channel.

The experiment gave some unexpected results. When the resonators were connected in parallel
and powered, only one resonator (resonator a) ignited. The parallel connection was then removed
and each resonator was powered individually. Both resonators ignited when resonator a was
powered. Fig. 4 is a photograph of this phenomenon. However, only resonator b generated
plasma when it was powered. One explanation for these anomalous findings could be that the
two rings were not exactly identical. While drilling one of the holes in the gap, part of ring next
to the gap was also removed (resonator b). This lowered the resonant frequency of that resonator.
Therefore resonator b did not ignite when both rings were powered in parallel at the ideal
resonant frequency. When only resonator a was powered and it generated plasma, its impedance
decreased and consequently so did its resonant frequency. The new resonant frequency matched
that of resonator b and resonator a coupled with resonator b and caused it to ignite too. Resonator
b could not ignite resonator a as its resonant frequency was lower than that of resonator a’s to
start with.
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Fig. 4 – Both resonators ignite when only resonator a is powered

The ability to operate two parallel microplasmas by powering a single resonator due to strong
resonant coupling was a significant finding. The phenomenon was further investigated as a
method of operating a number of resonators in parallel using only a single microwave power
supply. The energy exchange among resonators was modeled using the coupled mode theory [6].
Let ai be the energy stored in the ith resonator. The coupling among n resonators can be expressed
as
dai/dt = -j(ωi – jΓi)ai + jΣm≠ikmam + Fi,

(i = 1,2,….,n)

(2)

where ωi is the resonance frequency of the ith resonator in isolation, Γi is the damping factor, Fi is
the external input function, and km is the coupling coefficient between the ith and the mth
resonators. For an n-resonator system, the solution to the n differential equations in Eq. (2) gives
n eigenfrequencies. The energy distribution among the resonators is different at each eigenmode;
uniform energy distribution can however be achieved by the superimposition of different
eigenmodes.
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It is easier to align the gaps of linear resonators than those of split ring resonators. Therefore
quarter wavelength linear resonator geometry (Fig. 5) was chosen for investigating the feasibility
of operating multiple parallel microplasmas via resonant coupling. For a quarter wavelength
linear resonator, the resonator length is quarter the wavelength of the voltage wave at resonance.
The voltage reaches its maximum value at the gap end of the resonator, resulting in maximum
voltage difference across the gap. A 5 quarter-wavelength linear resonator array was fabricated
and tested. Only the first resonator was connected to the power supply. The calculated energy
distribution among the resonators for the first two eigenmodes is shown in Fig. 6 and the
experimental results are shown in Fig. 7. The theoretical calculations (Fig. 6) showed that the
middle resonators receive maximum energy at the first eigenmode and the end resonators receive
maximum energy at the second eigenmode. Experiment results were consistent with the
theoretical data; only the middle three resonators created plasma at the first mode and end two
resonators created plasma at the second mode. Operating the resonators at both modes
simultaneously resulted in plasma generation by all five resonators (Fig. 7). These results
established that it is possible to generate a stable microplasma array due to resonant coupling.
Further experiments are now being conducted to investigate the feasibility of operating more
than one hundred resonators using a single power source [6].
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Fig. 5 – Quarter wavelength resonator

Fig. 6 - Energy distribution for the first two eigenmodes and the superposition of the first two
eigenmodes of a five resonator system
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Fig. 7 – (a) Plasma distribution in the gaps at the first mode (f = 413 MHz, 0.66 W at 733 Torr).
(b) Plasma distribution in the gaps at the second mode (f = 471 MHz, 0.63 W at 731 Torr). (c)
Plasma distribution created by superposition (733 Torr, 0.63 W total, 0.54 W at 413 MHz and
0.09 W at 471 MHz)

Coupled Mode Theory uses a parameter (km) to specify the sharing of energy among adjacent
resonators. This parameter may be deduced from electrical measurements of the resonator array,
but it does not provide any physical understanding about the nature of the coupling. Coupling
between resonators can be electric or magnetic or a mixture of both [7]. Knowing the actual
nature of coupling between microstrip resonators may result in greater control over the
phenomenon. In order to determine the nature of coupling, resonators were simulated using an
electromagnetic field simulator, HFSS. By using software such as HFSS, it is possible to create
ideal test conditions, such as perfect H-field or perfect E-field boundary conditions, that can’t be
achieved in actual experimentation. This type of modeling will allow one to determine the nature
of coupling between two adjacent resonators.
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III. SIMULATION
Ansoft High Frequency Structure Simulator (HFSS) is a full-wave electromagnetic field
simulator whose basic mesh element is a tetrahedron. It uses the Finite Element Method (FEM)
and adaptive meshing to solve Maxwell’s equations subject to 3-D boundary models. Using
HFSS, it is possible to solve for:
S-parameters (Scattering matrix)
Y-parameters (Admittance)
Z-parameters (Impedance)
VSWR (Voltage standing wave ratio)
Gamma (Complex propagation constant)
Port Impedance Zo
Fields – electric, magnetic, surface current density, volume current density, specific
absorption rate (SAR)

Creating and solving a model in HFSS typically involves the following steps:
a. Parametric model generation
b. Analysis setup
c. Results
d. Solve loop
A summary of the entire process is shown in Fig. 8. [8]
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Fig. 8 – HFSS simulation process
a. Parametric model generation
This stage consists of specifying the solution type, creating the 3D model and assigning
boundaries and excitations. There are 3 possible solution types: (i) driven modal, (ii) driven
terminal and (iii) eigenmode. All simulations in this project were solved using the driven modal
option which is most suitable for a high frequency structure that is driven by a source. For driven
modal, the S-matrix solutions are expressed in terms of the incident and reflected powers of
waveguide modes.

Complex and completely parametric models can be easily created in HFSS using basic drawing
objects known as primitives and Boolean operations. There are two different types of primitive:
2D primitives or surfaces (rectangle, circle, line, point etc) and 3D primitives or solids (box,
cylinder, helix, cone etc). Unite (combines multiple primitives), Subtract (removes part of a
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primitive from another), Intersect (keeps part of primitives that overlap), Split (breaks primitive
into multiple parts) etc are some examples of Boolean operations supported by HFSS. Models in
this project were primarily constructed using boxes and cylinder in different orientations and
Boolean operations Unite and Intersect. The three different types of models created for
simulation are:
Single resonator
Two identical resonators
Two identical resonators with a thin divider located midway between the two resonators

Each model uses a 50 Ω SMA connector as the input wave guide. The entire system is
completely enclosed in a vacuum box such that the ground plane touches the bottom face of the
box and the end of the SMA is in contact with one of the side faces. Fig. 9 shows a model of two
identical resonators with a divider in between.
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Fig. 9 – Two identical microstrip resonators with a divider in between

The model dimensions are summarized in Fig. 10 and the material assignment and properties of
the model are shown in Fig. 11.
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a
b
c
d
e
f
g
h
i
j
k
i
k

Length of resonator
Width of resonator
Off-set
Separation between adjacent resonators
Width of plasma discharge gap
Length of ground plane and dielectric
Width of ground plane and dielectric
Height of ground plane
Height of dielectric
Length of vacuum box
Width of vacuum box
Height of vacuum box
Length of divider
Width of divider
Height of divider
Fig. 10 – Model Dimensions

Value
(mm)
63.15
1
4.5
1
0.255
140
10
0.0173
2.5
560
60
25
560
0.0173
25
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0
0
0
0
0

2
2
2
2
2

Delta H

0
0
0
0
0

Landed G factor
Magnetic
Saturation

10000000
0
58000000
0
41000000
0
0 0.0023
0 0.001

Magnetic Loss
Tangent

Dielectric Loss
Tangent

1
1
1
1
1

Bulk Conductivity
(siemens/m)

Bronze
1
Copper
1
Gold
1
Rogers RT/duroid 6010
10.2
Teflon
5.3621

Relative
permittivity

Relative
Permeability

Material

Component
Resonator
Ground plane
SMA
Dielectric
SMA

0
0
0
0
0

Fig. 11 – Material assignment and properties

Boundary conditions allow the user to control the characteristics of planes, faces, or interfaces
between objects. Proper use of boundary conditions will often reduce model complexity.
Boundary conditions that define field behavior at discontinuous boundaries are especially
important. HFSS solves waves equations derived from the differential form of Maxwell’s
equations and therefore requires continuous fields for valid solutions. The boundary conditions
used in this project are:
Excitation – Allows energy to flow in and out of the structure.
Perfect E – Perfect electrical conductor; aligns electric field perpendicular to the surface
Perfect H – Perfect magnetic conductor; aligns electric filed tangential to the surface
Radiation/Absorbing – Waves radiating away from the model are absorbed at the
radiation boundary. When the radiation boundary is included, far field calculations are
performed and the S parameter takes into account the radiation loss.
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The SMA connector is defined as the excitation port. For all the models, the face of the outer
vacuum box that touches the ground plane is always assigned to be perfect E. The remaining five
faces are assigned radiation boundary; this prevents reflection of EM fields back toward the
resonators. For models with a vacuum divider inserted in between the resonators, the boundary
conditions of the two surfaces of the box closest to the resonators are assigned to be either
perfect E or perfect H to achieve electric and magnetic isolation. The surface of the divider next
to the resonator connected to the SMA is defined to be the front surface and the surface opposite
to that to be the back surface. The following combinations of boundary conditions were
simulated:
Front surface perfect E
Back surface perfect E
Both surfaces perfect E
Front surface perfect H
Back surface perfect H
Both surfaces perfect H
Front surface perfect E & back surface perfect H
Front surface perfect H & back surface perfect E

b. Analysis setup
The behavior of each model, the frequency response, was solved for over a specified range of
frequencies. Adaptive meshing is used to create a mesh that is best suited to the electrical
performance of the device being simulated. The adaptive mesh algorithm searches for regions
with the highest gradients in E fields or errors and then subdivides the mesh in these regions.
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During each adaptive pass, the mesh is refined and a full solution is performed. This process is
repeated until convergence or the maximum number of passes is reached. After each adaptive
pass, HFSS compares the S-parameter of the current mesh to that of the previous mesh. If the
difference is less than Delta S, convergence has occurred and either mesh can be used for the
frequency sweep. Delta S is the maximum change in the magnitude of the S parameter between
two consecutive passes and is given by Maxij[mag(SNij – S(N-1)ij] [8]. The default value of Delta
S, 2% was used in all simulations. There are three different methods of calculating the frequency
response: (i) discrete, (ii) fast and (iii) interpolating. The fast method was used for all simulations
and the field data for all the data points were saved.

c. Results
Plots are created for the following:
S parameter
Magnitude of electric field, magnetic field and surface current density on resonator
surface at each resonant frequency
Vector surface current density on resonator surface at each resonant frequency.
Magnitude of electric field and magnetic field on the front and back divider surfaces at
each resonant frequency
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IV. RESULTS AND DISCUSSION
The Scattering matrix is a ratio of the reflected power from the resonator to the input power. At
most frequencies, the resonator reflects most of the input power and the ratio is a constant. At the
resonant frequency, the resonator absorbs significant amount of the incident power and
consequently the reflected power and the S-matrix values are at their minimum. This is
represented by a dip in the S-matrix plot.

A single resonator was simulated to establish the baseline resonant frequency. As can be seen
from the S-parameter (Fig. 12), the resonant frequency of a single resonator is at 442 MHZ. Two
identical resonators (model shown in Fig. 13) were then simulated to determine the effect of
coupling on the resonant frequency. The S-paramater (Fig. 14) has two dips, indicating two
resonant frequencies as predicted by coupled mode theory. The coupling coefficient is equal to
the half the separation between the two resonant frequencies and is equal to 30 MHz. The dip at
412 MHz is greater than that at 472 MHz, indicating that the resonance is stronger at 412 MHz.
This is because the resonator geometry is better matched for resonance at 412 MHz than at 472
MHz and a greater voltage difference and a stronger electric field are created across the gap at
the first frequency. The surface currents on the resonators at 412 MHz and 472 MHz are shown
in Fig. 15 and Fig. 16 respectively. The currents are parallel at 412 MHz and anti-parallel at 472
MHz.
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Fig. 12 – S parameter for a single resonator (resonant frequency = 442MHz)

Fig. 13 – Top view of two identical resonators
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Fig. 14- S parameter for 2 identical resonators (resonant frequencies: f1 = 412 MHz;
f2 = 472 MHz)

Fig. 15 - Current density vector on micro-strip surface at 412 MHz (phase ≈ 74.5 °) for two
identical resonators
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Fig. 16 - Current density vector on micro-strip surface at 472 MHz (phase ≈ 74.5 °) for two
identical resonators

Models of two identical resonators with a perfect conductor and a perfect E boundary in between
(Fig. 17) were simulated. From the S-parameters (Fig. 18 & 19), it can be seen that there is a
single resonance at 477 MHz for perfect conductor boundary and 466 MHZ for perfect E
boundary. Perfect conductor and perfect E boundary both force electric fields to be perpendicular
to the boundary and should theoretically give identical S-matrix results. The discrepancy in
resonant frequencies observed is assumed to be due to the different meshes that the software
creates for perfect conductor and perfect E boundaries which results in different frequency
responses. The single resonance indicates that these boundaries prevent coupling completely.
There is surface current only on the resonator being directly powered (Fig. 20 & 21), proving
that the second resonator is not functioning.
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Fig. 17 – Top view of identical resonators with divider in between
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Fig. 18 – S parameter for 2 identical resonators with perfect conductor in between
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Fig. 19 - S parameter for 2 resonators with perfect E divider (both sides) in between (resonant
frequency, f = 466.1616 MHz)

Fig. 20 - Vector surface current density at 477 MHz (phase = 90 °) for two resonators with
perfect conductor divider in between
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Fig. 21 - Vector surface current density at 466 MHz (phase = 112.5 °) for two resonators with
perfect E (both sides) divider in between

The electric and magnetic fields on the front and back divider surfaces at the resonant
frequencies were simulated. There is no electric field (Fig. 23 & 24) or magnetic field (Fig. 25 &
26) on the back divider surface indicating that perfect conductor and perfect E boundaries
prevent both electric and magnetic fields from passing through. For the perfect conductor, in
accordance to HFSS’ definition, the electric field is perpendicular to the surface (Fig. 27). The
electric field for the perfect E boundary is seen to have some tangential components (Fig. 28).
This is again assumed to be due to the imperfect mesh that the software creates for perfect E
boundary which results in computational errors. The direction of the surface current on the
perfect conductor boundary (Fig. 29) is opposite to that in the resonator and creates a magnetic
field that nullifies the one created by the current in the resonator. The magnetic field at the
perfect conductor boundary (Fig. 30) has only tangential components.
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Fig. 22 – Reference View

Fig. 23 - Magnitude of electric field on the back surface of the perfect conductor at 477 MHz
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Fig. 24 - Magnitude of electric field on the back surface of the perfect E divider at 466 MHz

Fig. 25 - Magnitude of magnetic field on the back surface of the perfect conductor at 477 MHz
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Fig. 26 - Magnitude of magnetic field on the back surface of the perfect E divider at 466 MHz

Fig. 27 – Electric field vector on the front surface of perfect conductor divider at 477 MHz
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Fig. 28 – Electric field vector on the front surface of perfect E divider at 466 MHz

Fig. 29 – Vector surface current on front surface of perfect conductor divider at 477 MHz
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Fig. 30 – Magnetic field vector on the front surface of perfect conductor divider at 477 MHZ

The S-parameter for two identical resonators with a perfect H divider in between is shown in Fig.
31. Perfect H boundary affects the coupling between two resonators since there are three
different resonant frequencies. The perfect H boundary allows some electric field to pass through
(Fig. 32) but prevents magnetic field from passing (Fig. 33). The magnetic field vectors on the
back surface all point towards the SMA. There is no magnetic field vector in the region of the
second conductor, indicating that there is no magnetic field present there.
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Fig. 31 - S parameter for 2 resonators with perfect H divider (both sides) in between (resonant
frequencies: f1 = 413 MHz; f2 = 461; f3 = 504)

Fig. 32- Electric field vector on the back surface of perfect H divider at 413 MHz
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Fig. 33- Magnetic field vector on the back surface of perfect H divider at 413 MHZ
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V. CONCLUSIONS
Maxwell’s equations describe the fundamental relations between electric field intensity (E),
electric flux density (D), magnetic flux density (B) and magnetic field intensity (H).

Where
ρ = electric charge density per unit volume
D = εE where ε is the electrical permittivity of material
B = μH where μ is the magnetic permeability of the material
J = current density per unit area

Boundary conditions specify how the normal and tangential components in one medium are
related to those in another medium. The boundary condition between any two media are given by
Field component
Tangential E

n2 X (E1 - E2) = 0

Normal D

n2.(D1-D2) = ρs

Tangential H

n2 X (H1 - H2) = Js

Normal B

n2.(B1 - B2) = 0
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The tangential component of an E field and the normal component of a B field are continuous
across a boundary. The normal component of a D field is discontinuous across a boundary where
surface charge exists. The tangential component of an H field is discontinuous across a boundary
where surface current exists.

Inside perfect conductor and perfect E materials, electric and magnetic fields are zero. The
boundary conditions between a dielectric and a perfect conductor are

Medium 1
Dielectric
Tangential E

Medium 2
Conductor
E1t = E2t = 0

Normal D

D1n =ρs

D2n = 0

Tangential H

H1t = Js

H2t = 0

Normal B

B1n = B2n = 0

Since tangential component of an E field and the normal component of a B field are continuous
across a boundary and electric and magnetic fields in a perfect conductor have to be zero, the
tangential component of the E field and the normal component of the B field are zero at the
boundary (Fig. 27 & Fig. 30). Perfect conductor has zero resistance and can have infinite current
flow. The surface current generated in the conductor is such that it negates the tangential H field
and the surface charge cancels the normal D field. The perfect conductor and perfect E boundary
thus allows no electric and magnetic field to pass through to the second resonator. As the
absence of electric and magnetic fields stops resonant coupling, it can be inferred that the nature
of coupling is electromagnetic.
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The results from the model with perfect H boundary in between helped to identify the exact
nature of coupling. From Fig. 32 and 33, it can be seen that the perfect H boundary allows some
electric field but no magnetic field to pass through to the second resonator. H and B fields are
zero at the vicinity of the second resonator. Maxwell Faraday law states that a time varying B
field will create a time varying E field and vice versa. Since B is zero, the E field at the second
conductor is also zero. The electric field near the second resonator is pure D and thus
electrostatic. This D field is created by the charge distribution on the first resonator.
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VI. FUTURE WORK
The models with the perfect E boundary can be re-simulated using a higher number of adaptive
passes and the discrete frequency method. This might reduce the computational errors due to
faulty meshing and yield more similar frequency responses for perfect conductor and perfect E
boundaries. Now that it has been established that the nature of coupling is electrostatic, it would
be interesting to experimentally investigate the effect of external electrostatic fields (i.e. fields
not due to charge on the resonator) on resonant coupling.
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I. Single Resonator
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Fig: S parameter for single resonator (resonant frequency, f = 442 MHz)

Fig: Top view of a single resonator

500.00
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Fig: Magnitude of electric field on the resonator surface at 442 MHz

Fig: Magnitude of magnetic field on the resonator surface at 442 MHz
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Fig: Current density vector on micro-strip surface at 442 MHz (phase = 112.5 °)
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II. Two identical resonators
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Fig: S parameter for 2 identical resonators (resonant frequencies: f1 = 412 MHz;
f2 = 472 MHz)

Fig: Top view of two identical resonators
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Fig: Magnitude of electric field on micro-strip surface at 412 MHz

Fig: Magnitude of electric field on micro-strip surface at 472 MHz
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Fig: Magnitude of magnetic field on micro-strip surface at 412 MHz

Fig: Magnitude of magnetic field on micro-strip surface at 472 MHz
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Fig: Magnitude of surface current density on microstrip surface at 412 MHz

Fig: Magnitude of surface current density on micro-strip surface at 472 MHz
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Fig: Current density vector on micro-strip surface at 412 MHz (phase ≈ 74.5 °) for two identical
resonators

Fig: Current density vector on micro-strip surface at 472 MHz (phase ≈ 74.5 °) for two identical
resonators
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III. Two identical resonators with perfect conductor divider in between
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Fig: S parameter for 2 identical resonators with perfect conductor in between (resonant
frequency f = 477 MHz)

Fig: Top view of identical resonators with divider in between
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Fig: Magnitude of electric field on micro-strip surface at 477 MHz

Fig: Magnitude of magnetic field on micro-strip surface at 477 MHz
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Fig: Magnitude of surface current density on micro-strip surface at 477 MHz

Fig: Vector surface current density at 477 MHz (phase = 90 °)
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Fig: Reference view

Fig: Magnitude of electric field on the front surface of the perfect conductor at 477 MHz
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Fig: Magnitude of electric field on the back surface of the perfect conductor at 477 MHz

Fig: Magnitude of magnetic field on the front surface of the perfect conductor at 477 MHz
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Fig: Magnitude of magnetic field on the back surface of the perfect conductor at 477 MHz
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IV. Two identical resonators with perfect E (both sides) divider in between
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Fig: S parameter for 2 resonators with perfect E divider (both sides) in between

Fig: Top view of identical resonators with divider in between

600.00
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Fig: Magnitude of electric field on micro-strip surface at 466 MHz

Fig: Magnitude of magnetic field on micro-strip surface at 466 MHz
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Fig: Magnitude of surface current density on micro-strip surface at 466 MHz

Fig: Vector surface current density on micro-strip surface at 466 MHz (phase 112.5 °)
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Fig: Reference View

Fig: Magnitude of electric field on the front surface of the divider at 466 MHz
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Fig: Magnitude of magnetic field on the front surface of the divider at 466 MHz

Fig: Magnitude of electric field on the back surface of the divider at 466 MHz
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Fig: Magnitude of magnetic field on the back surface of the divider at 466 MHz
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V. Two identical resonators with perfect E (front side) divider in between
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Fig: S parameter (resonant frequency, f = 471 MHz)

Fig: Top view of identical resonators with divider in between

600.00
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Fig: Magnitude of electric field on micro-strip surface at 471 MHz

Fig: Magnitude of magnetic field on micro-strip surface at 471 MHz
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Fig: Magnitude of surface current density on micro-strip surface at 471 MHz

Fig: Vector surface current density at 471 MHz (phase = 90 °)

67

Fig: Reference View

Fig: Magnitude of electric field on the front surface of the divider at 471 MHz
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Fig: Magnitude of magnetic field on the front surface of the divider at 471 MHz

Fig: Magnitude of electric field on the back surface of the divider at 471 MHz
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Fig: Magnitude of magnetic field on the back surface of the divider at 471 MHz
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VI. Two identical resonators with perfect E (back side) divider in between
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Fig.- S parameter (resonant frequency, f = 466 MHz)

Fig. – Top view of identical resonators with divider in between

600.00

71

Fig: Magnitude of electric field on the resonator surface at 466 MHz

Fig.- Magnitude of magnetic field on the resonator surface at 466 MHz
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Fig: Magnitude of surface current density on micro-strip surface at 466 MHz

Fig. 15 - Current density vector on micro-strip surface at 466 MHz (phase = 90 °)
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Fig. – Reference View

Fig: Magnitude of electric field on the front surface of the divider at 466 MHz
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Fig. Magnitude of magnetic field on the front surface of the divider at 466 MHz

Fig. Magnitude of electric field on the back surface of the divider at 466 MHz
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Fig: Magnitude of magnetic field on the back surface of the divider at 466 MHz
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VII. Two identical resonators with perfect H (both sides) divider in between
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Fig. - S parameter (resonant frequencies: f1 = 413 MHz; f2 = 461 MHz; f3 = 504 MHz)

Fig. – Top view of identical resonators with divider in between

600.00
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Fig: Magnitude of electric field on micro-strip surface at 413 MHz

Fig: Magnitude of electric field on micro-strip surface at 461 MHz
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Fig: Magnitude of electric field on micro-strip surface at 504 MHz

Fig: Magnitude of magnetic field on micro-strip surface at 413 MHz
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Fig: Magnitude of magnetic field on micro-strip surface at 461 MHz

Fig: Magnitude of magnetic field on micro-strip surface at 504 MHz
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Fig: Magnitude of surface current density on micro-strip surface at 413 MHz

Fig: Magnitude of surface current density on micro-strip surface at 461 MHz
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Fig: Magnitude of surface current density on micro-strip surface at 504 MHz

Fig: Vector surface current density on micro-strip surface at 413 MHz (phase = 90°)
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Fig: Vector surface current density on micro-strip surface at 461 MHz (phase = 90°)

Fig: Vector surface current density on micro-strip surface at 504 MHz (phase = 90 °)
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Fig. – Reference View

Fig. - Magnitude of electric field on the front surface of the divider at 413 MHz
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Fig. - Magnitude of magnetic field on the front surface of the divider at 413 MHz

Fig. - Magnitude of electric field on the back surface of the divider at 413 MHz
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Fig. - Magnitude of magnetic field on the back surface of the divider at 413 MHz

Fig. - Magnitude of electric field on the front surface of the divider at 461 MHz
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Fig. - Magnitude of magnetic field on the front surface of the divider at 461 MHz

Fig. - Magnitude of electric field on the back surface of the divider at 461 MHz
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Fig. - Magnitude of magnetic field on the back surface of the divider at 461 MHz

Fig. - Magnitude of electric field on the front surface of the divider at 504 MHz
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Fig. - Magnitude of magnetic field on the front surface of the divider at 504 MHz

Fig. - Magnitude of electric field on the back surface of the divider at 504 MHz
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Fig. - Magnitude of magnetic field on the back surface of the divider at 504 MHz

90

VIII. Two identical resonators with perfect H (front surface) divider in between
Ansoft
NameCorporation
X

XY Plot 1

Y

m1
0.00

413.1313

-8.4511

m2

461.1111

-3.1616

m3

506.5657

-0.4864

HFSSDesign1
Curve Info
m3

dB(S(WavePort1,WavePort1))
Setup1 : Sw eep1

-1.00

-2.00

dB(S(WavePort1,WavePort1))

-3.00

m2

-4.00

-5.00

-6.00

-7.00

-8.00
m1

-9.00
350.00

400.00

450.00

500.00

550.00

600.00

Freq [MHz]

Fig. - S parameter (resonant frequencies: f1 =413 MHz; f2 = 461 MHz; f3 = 506 MHz)

Fig. – Top view of identical resonators with divider in between
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Fig: Magnitude of electric field on micro-strip surface at 413 MHz

Fig: Magnitude of electric field on micro-strip surface at 461 MHz
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Fig: Magnitude of electric field on micro-strip surface at 506 MHz
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Fig: Magnitude of magnetic field on micro-strip surface at 413 MHz

Fig: Magnitude of magnetic field on micro-strip surface at 461 MHz
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Fig: Magnitude of magnetic field on micro-strip surface at 506 MHz

Fig: Magnitude of surface current density on micro-strip surface at 413 MHz

Fig: Magnitude of surface current density on micro-strip surface at 461 MHz
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Fig: Magnitude of surface current density on micro-strip surface at 506 MHz

Fig: Vector surface current density on micro-strip surface at 413 MHz (phase 112.5°)
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Fig: Vector surface current density on micro-strip surface at 461 MHz (phase 112.5°)

Fig: Vector surface current density on micro-strip surface at 461 MHz (phase 0°)
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Fig. – Reference View

Fig: Magnitude of electric field on the front surface of the divider at 413 MHz
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Fig: Magnitude of magnetic field on the front surface of the divider at 413 MHz

Fig: Magnitude of electric field on the front surface of the divider at 461 MHz
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Fig: Magnitude of magnetic field on the front surface of the divider at 461 MHz

Fig: Magnitude of electric field on the front surface of the divider at 506 MHz
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Fig: Magnitude of magnetic field on the front surface of the divider at 506 MHz

Fig: Magnitude of electric field on the back surface of the divider at 413 MHz
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Fig: Magnitude of magnetic field on the back surface of the divider at 413 MHz

Fig: Magnitude of electric field on the back surface of the divider at 461 MHz
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Fig: Magnitude of magnetic field on the back surface of the divider at 461 MHz

Fig: Magnitude of electric field on the back surface of the divider at 506 MHz
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Fig: Magnitude of magnetic field on the back surface of the divider at 506 MHz
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IX. Two identical resonators with perfect H (back surface) divider in between
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Fig. – S parameter (resonant frequencies: f1 = 408 MHz; f2 = 456 MHz; f3 = 506 MHz)

Fig. – Top view of identical resonators with divider in between

600.00
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Fig: Magnitude of electric field on the resonator surface at 408 MHz

Fig: Magnitude of electric field on the resonator surface at 456 MHz
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Fig: Magnitude of electric field on the resonator surface at 506 MHz

Fig: Magnitude of magnetic field on the resonator surface at 408 MHz
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Fig: Magnitude of magnetic field on the resonator surface at 456 MHz

Fig: Magnitude of magnetic field on the resonator surface at 506 MHz
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Fig: Magnitude of surface current density on micro-strip surface at 408 MHz

Fig: Magnitude of surface current density on micro-strip surface at 456 MHz
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Fig: Magnitude of surface current density on micro-strip surface at 506 MHz

Fig. - Current density vector on micro-strip surface at 408 MHz (phase = 90 °)
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Fig. - Current density vector on micro-strip surface at 456 MHz (phase = 112.5 °)

Fig. - Current density vector on micro-strip surface at 506 MHz (phase = 180°)
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Fig. – Reference View

Fig. - Magnitude of electric field on the front surface of the divider at 408 MHz
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Fig. - Magnitude of electric field on the front surface of the divider at 456 MHz

Fig. - Magnitude of electric field on the front surface of the divider at 506 MHz
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Fig. - Magnitude of magnetic field on the front surface of the divider at 408 MHz

Fig. - Magnitude of magnetic field on the front surface of the divider at 456 MHz
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Fig. - Magnitude of magnetic field on the front surface of the divider at506 MHz

Fig. - Magnitude of electric field on the back surface of the divider at 408 MHz
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Fig. - Magnitude of electric field on the back surface of the divider at 456 MHz

Fig. - Magnitude of electric field on the back surface of the divider at 506 MHz
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Fig. - Magnitude of magnetic field on the back surface of the divider at 408 MHz

Fig. - Magnitude of magnetic field on the back surface of the divider at 456 MHz
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Fig. - Magnitude of magnetic field on the back surface of the divider at 506 MHz
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X. Two identical resonators with divider in between (front surface perfect E, back
surface perfect H)
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Fig: S parameter for single resonator (resonant frequency, f = 451 MHz)

Fig. – Top view of identical resonators with divider in between

600.00
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Fig: Magnitude of electric field on the resonator surface at 451 MHz

Fig: Magnitude of magnetic field on the resonator surface at 451 MHz
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Fig: Magnitude of surface current density on micro-strip surface at 451 MHz

Fig. - Current density vector on micro-strip surface at 451 MHz (phase = 135 °)
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Fig. – Reference View

Fig. - Magnitude of electric field on the front surface of the divider at 451 MHz
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Fig. - Magnitude of magnetic field on the front surface of the divider at 451 MHz

Fig. - Magnitude of electric field on the back surface of the divider at 451 MHz
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Fig. - Magnitude of magnetic field on the back surface of the divider at 451 MHz
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XI. Two identical resonators with divider in between (front surface perfect H, back
surface perfect E)
Ansoft
NameCorporation
X
m10.00 468.6869

XY Plot 1

Y

HFSSDesign1

-10.6230

Curve Info
dB(S(WavePort1,WavePort1))
Setup1 : Sw eep1

-2.00

dB(S(WavePort1,WavePort1))

-4.00

-6.00

-8.00

-10.00
m1

-12.00
350.00

400.00

450.00

500.00

550.00

Freq [MHz]

Fig: S parameter (resonant frequency, f = 468 MHz)

Fig. – Top view of identical resonators with divider in between

600.00
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Fig. - Magnitude of electric field on micro-strip surface at 468 MHz

Fig.- Magnitude of magnetic field on micro-strip surface at 468 MHz
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Fig: Magnitude of surface current density on micro-strip surface at 468 MHz

Fig: Vector surface current density at 468 MHz (phase = 90 °)
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Fig. – Reference View

Fig. - Magnitude of electric field on the front surface of the divider at 468 MHz
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Fig. - Magnitude of magnetic field on the front surface of the divider at 468 MHz

Fig. - Magnitude of electric field on the back surface of the divider at 468 MHz
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Fig. - Magnitude of magnetic field on the back surface of the divider at 468 MHz
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