
expected. Recall that we have reduced the 1–2% shrinkage toler-

ance commonly specified by laboratories to about a quarter by

taking into account Ref. 10. However, the fabricated circuit has

entirely exhausted the envisaged range. Yet, the insertion loss is

still very good. Within the envisaged band, the reflection coeffi-

cient remains <�10 db, for 74.5 GHz and above at 77.5 GHz,

very good values are achieved as well. Beyond these frequen-

cies, |S11| reveals differences between simulation and measure-

ments. Two reasons are most likely responsible: The second

layer is to some extent more excited than in simulation, due to

unfortunately slightly impaired vias (by the laser cutting pro-

cess), which can be seen in the micrograph Figure 6. The second

reason is the influence of the screwing of top and bottom RWG.

At these frequencies, it produces some unavoidable nonalign-

ment of the walls which causes some loss but also shows a

slightly shifted S11 result each time the RWG top and bottom

parts are screwed together.

5. CONCLUSION

A new very practical millimeter-wave transition for joining an

RWG with the first layer SIW of a two layer LTCC has been

proposed. It addresses both the shrinkage tolerances typically

seen with this material as well as the avoidance of a second

layer excitation. The LTCC tan d and er have been determined

through a LINE and THRU measurement to distinguish the tran-

sition loss from the actual transmission line loss. These novel

purely intrasubstrate experiments further confirm the strong dis-

persion of the LTCC. Simulations, with and without a varying

gap, as well as the measurements on the fabricated back-to-back

transition prove our concept. Fabricated LTCC circuits have

been analyzed optically and even exceeded the total estimated

shrinkage range. However, the transition shows good insertion

loss <0.7 dB and a good matching with RL < 10 dB in the

envisaged band. These results allow recommending this transi-

tion for two layer LTCC SIW projects up to an approximate cir-

cuit length of 12 kg in comparable environments.
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ABSTRACT: Spatial solitons with beamwidths on the order of a
wavelength are studied numerically in the context of their propagation

paths being modified by planar nanoplasmonic structures. The prospect
of such media in certain configurations used as soliton guiding devices
is quantitatively assessed. A finite-difference time-domain model is used

that incorporates a Kerr nonlinearity and linear dispersion, and solves
for the vector components of the fields. A soliton effective beamsplitter,

collimator, and dual-beam waveguide are demonstrated. Interesting
aspects of the reflection and transmission properties of gold films is
discussed, including first-time reporting of the Goos-H€anchen effect in

the nonlinear regime for a transverse magnetic, ultra-narrow spatial
soliton incident on a gold slab. The results provided herein are
significant for nonlinear switching and routing applications toward

future all-optical computing devices. VC 2012 Wiley Periodicals, Inc.

Microwave Opt Technol Lett 54:2679–2684, 2012; View this article

online at wileyonlinelibrary.com. DOI 10.1002/mop.27182
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1. INTRODUCTION

Spatial solitons are optical beams that maintain their transverse

profile with propagation, by balancing diffraction and self-focus-

ing through intensity-induced modifications in the local refrac-

tive index. Initially discovered and studied in the 1960s, they

have seen a resurgence in nonlinear optics research over the
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past two decades due to their potential role in optical comput-

ing. There is a need to control the angular divergence of light as

it propagates to maintain signal integrity, and also to efficiently

manipulate beam routing in circuits approaching the nanometer

scale. Solitons offer a natural focusing mechanism that can be

exploited.

In recent years, studies have explored spatial soliton interac-

tions with metals, leading to emergence of a so-called ‘‘soliton

plasmonics’’ area. It is well established that incident electro-

magnetic waves on metallic media at optical wavelengths can

induce electron oscillations, and at surfaces can excite surface

waves known as surface plasmon polaritons (SPPs). Sharp

resonances may be induced through this interaction process,

depending on the incident polarization, material geometry, and

wavevector, among other factors (for a nice overview of the

field, see Ref. 1). These resonances can lead to enhanced, sub-

wavelength evanescent fields in the SPPs, useful in many appli-

cations (e.g., see Refs. 2 and 3). These enhanced fields have

important effects on spatial solitons. For example, it has been

shown that using metal waveguides, power efficiency is

attained in soliton generation [4]. Subwavelength discrete soli-

tons can be formed in periodic metal-dielectric slabs from SPP

tunneling [5]. Other studies have looked at SPP focusing by

nonlinearities at interfaces and also resonant-based control of

SPPs by adjacent solitons [6, 7].

An open research area is studying the characteristics of soli-

tons as they impinge on metallic media such as nanoscale films,

and their scattering, reflection, and transmission behavior—or par-

ticularly the problem of soliton guiding by such media. While it

is intuitive that the beams should demonstrate behavior in accord-

ance with the classical laws of reflection (i.e., should have large

reflection and little transmission when incident on thick metal

films), it is important to consider the fact that at optical wave-

lengths and nanoscale thicknesses, metals become increasingly

transmissive and take on dielectric-like properties. Additionally,

solitons of the non-paraxial or ‘‘ultra-narrow’’ type—having

beamwidths on the scale of a dielectric wavelength—are far

removed in nature from the conventional linear plane wave or

Gaussian beam, and the vector electromagnetic field behavior

involved with multiple scattering events can become extremely

complex. To date (and the best of our knowledge), no studies

have quantified the feasibility of guiding such narrow solitons

using metallic media on scales that show complicated mixtures of

both reflectivity and significant transmissivity. This is an impor-

tant and worthwhile problem, since future all-optical nanocircuits

will likely integrate metal structures in some capacity (perhaps

intentionally for guiding, or inherent through fabrication).

In this article, we report on a study exploring the feasibility

of guiding non-paraxial, transverse magnetic (TM) polarized

spatial solitons using gold structures on the nanometer scale.

The results were obtained through numerical experiments using

a finite-difference time-domain (FDTD) computational electro-

dynamics model. The model provides vector field solutions

directly from Maxwell’s equations in time without simplifying

assumptions, and rigorously includes dispersion and nonlinearity

characteristics of the media. We consider four different experi-

ments in particular—reflection of an obliquely incident soliton

upon a thin gold film; a dual-reflection scheme using two gold

films not necessarily of the same thickness; and a dual-soliton

gold slab waveguide. These were chosen for their illustrative,

fundamental reflection-transmission phenomena, and are not

intended to represent a complete basis of possibilities for soliton

routing media configurations but are believed to be directly ap-

plicable to numerous switching circuit applications.

2. FDTD GVADE MODEL

Our choice of FDTD for this study was based on several rea-

sons. First, the complexity of the problem required a model that

could accurately account for the vector components of the fields

and not rely on any scalar approximations. The highly non-para-

xial nature of the solitons in our experiments leads to a strong

longitudinal electric field component and cannot be neglected

[8]. Second, a model was needed that elegantly incorporated the

dispersive nature of the host medium and the metals. Third,

FDTD lends itself well to parallelization on a computing cluster

to decrease simulation time. The spatial and time scales

involved in the problem placed high demands from a computa-

tional perspective, so the ability to easily parallelize was a major

consideration.

The model uses a recently developed algorithm known as the

general vector auxiliary differential equation (GVADE) formula-

tion, derived and verified in Ref. 9. It solves for multiple electric

field components, and incorporates nonlinearities and both linear

and nonlinear dispersions of the modeled media. GVADE was

previously used to study the influence of scattering air holes on

soliton propagation and also the interactions between a pair of

copropagating non-paraxial solitons [10, 11].

A new variation on GVADE was introduced in this study

through the incorporation of a linear dispersion for metallic

media, based upon the Drude model. This models the linear rel-

ative permittivity as

e xð Þ ¼ e1 �
x2

p

x2 � jxc
(1:1)

where xp is the plasma frequency, e1 is the high-frequency

dielectric constant, j ¼
ffiffiffiffiffiffiffi
�1

p
, and c is the inverse of the free-

electron gas relaxation time. In regions where the metal resides,

the electric field components are updated using the framework

discussed in Ref. 12, and the remaining portions of the computa-

tional grid have their electric field components updated using

the standard GVADE method. The parameters for gold used in

Eq. (1.1) were xp ¼ 1.3544 � 1016 rad/s, c ¼ 1.1536 � 1014

rad/s, and e1 ¼ 9.0685 [13].

The surrounding medium of the gold, and propagation me-

dium for the soliton, was silica glass. This has a third-order in-

stantaneous (Kerr) nonlinearity with refractive index of the form

n ¼ n0 þ n2 I, where n0 is the linear refractive index (�1.45 for

silica) and the nonlinear index coefficient n2 ¼ 2.48 � 10�20

m2/W [14]. The resonant strengths in the Sellmeier equation

modeling the Lorentz linear dispersion were b1 ¼ 0.6961663, b2

¼ 0.4079426, and b3 ¼ 0.8974794, and the resonant wave-

lengths were k1 ¼ 0.0684043 lm, k2 ¼ 0.1162414 lm, and k3

¼ 9.896161 lm [14]. The simulations in this study were two-

dimensional, and considered two orthogonal electric field com-

ponents Ex and Ey and one magnetic field component Hz (TM

polarization). The computational grid size was made as large as

possible, to avoid outgoing energy reflected from the boundaries

from interfering with the solution domain of interest (as at this

time no absorbing boundary condition is available for GVADE

but is a future research endeavor). Details on the specific grid

sizes used are given in the next section. A rectangular grid cell

size of D ¼ 10 nm, resulting in 80 grid cells per free-space

wavelength at 800 nm, was chosen based on convergence stud-

ies to balance geometrical feature resolution and accuracy.

The choice of time-step Dt in an FDTD simulation is dictated

by the Courant stability condition after the spatial resolution D
is chosen [12]. This is given by Dt � SD/c for S ¼ 0.707 for a

2D free-space grid where c is the speed of light in vacuum, and
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for D ¼ 10 nm, Dt � 2.357 � 10�17 s. The value of Dt ¼ 4.17 �
10�18 s, over five times smaller than the classical definition, was

empirically chosen for the simulations in this report based on

convergence studies. We believe the reason for the discrepancy

can be due to the significant differences in complexity between

the classic linear FDTD algorithm and GVADE, a prime example

being that at each time-step, a system of nonlinear equations

must be iteratively solved at each grid point for the electric field.

The simulations were done in parallelized Cþþ utilizing an

MPI library on an Intel Xeon 3.2 GHz 20-processor Linux clus-

ter, and simulation times were typically under 24 h. Memory

usage was typically on the order of 150 MB per process.

3. RESULTS AND DISCUSSION

The first experiment was the simplest of the configurations—a

soliton impinging on a thin gold film of 20 nm thickness. The

grid dimensions were 30 lm (x-dimension) by 60 lm (y-dimen-

sion). The soliton was sourced at the left edge of the FDTD grid

by setting the Hz component equal to

Hzði ¼ 0; j; tÞ ¼ A0uðt� jsÞ sin x0ðt� jsÞ½ �sech D j� j1ð Þ=w0½ �
(1:2)

This represents a continuous wave beam with a transverse

envelope following a hyperbolic secant profile. Here, i is the

index in the x-dimension (fixed at the left edge of the grid) and

j is the index in the y-dimension. A0 is the magnetic field ampli-

tude, u(t) is the unit-step function, x0 the frequency correspond-

ing to a free-space wavelength of k0 ¼ 800 nm, j1 is the index

in the y-dimension corresponding to the peak of the soliton

transverse profile envelope, and w0 is the characteristic beam-

width of the soliton. The parameter s is a time constant that

implements a linear delay taper across the Hz grid cells, ena-

bling the sourcing of the soliton at an oblique angle h with

respect to the propagation axis (x-dimension) where positive

angles corresponded to downward directions as implemented in

the model. Its form is

s ¼ n0D sin h
c

(1:3)

The incident angle of the soliton was chosen to be h ¼ 57�. This

led to an angle of 33� with respect to the surface normal of the gold

film. The characteristic beamwidth w0 was chosen to be 261 nm.

This gives an amplitude full-width at half-maximum (FWHM) of

approximately 687 nm. The ratio of the FWHM to the dielectric

wavelength (about 552 nm) is 1.25. The soliton beamwidth is nar-

row, approaching the size of a wavelength, and under these condi-

tions starts to take on a non-paraxial quality requiring accounting of

the vector nature of the fields in the simulation. Finally, the ampli-

tude required for soliton generation was empirically determined

through a series of numerical studies as A0 ¼ 3 � 108 A/m.

Figure 1 shows the magnitude of the total electric field in the

grid at a late time step into the simulation, long after the initial

wavefront had reflected from the film surface. It is qualitatively

evident that a significant amount of energy is permitted to trans-

mit through the film, and is also of sufficient strength to enable

the soliton to retain its form through the length of the run. The

high transmissivity is essentially due to the thickness of the film

being only on the order of one skin depth at 800 nm [15]. An

interesting observation is that despite a fair amount of radiated

diffractive energy in directions away from the soliton propagation

direction, as seen in the figure, the soliton profile is retained. The

distance the split soliton components propagate post-incidence is

considerable, extending beyond 10 lm from the film in both the

specular and refracted directions (on the order of 30 diffraction

lengths, where Ldiff ¼ pw2
0/kd.). Additional simulations showed

the transmission ratio is easily reduced by simply increasing the

film thickness toward 2 lm, rendering the film as a mirror (this

will be apparent in later figures below).

We note the balanced nature of the energy between the trans-

mission and reflection; an inspection of the |E| values in the grid

confirmed that the field is essentially halved on both sides (on

the order of 6 dB down from the field value near the peak of

the beam), in general agreement with plane-wave Fresnel theory

[16]. While the premise of a beam reflected by a thin film might

seem rather simple, this configuration is observed to act as an

effective non-paraxial soliton beamsplitter device, useful for a

Figure 1 E-field distribution. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com]

Figure 2 Shift of reflection. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com]
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myriad of optical switching applications. Additionally, to the

best of our knowledge, the proposal of a thin gold film as a soli-

ton beamsplitter device has not been reported before in the liter-

ature. These results are also the first demonstration of GVADE

FDTD capabilities of soliton-plasmonic material interaction

modeling.

During various stages of this experiment, it was observed

that for large angles with respect to the surface normal, and

where the gold thickness was on the order of numerous skin

depths, a lateral shift in the specular reflection in the plane of

incidence occurred. This is shown in Figure 2 where the gold

thickness was 2 lm and the incident angle relative to the surface

normal was 70�. It is apparent that (as indicated by the overlaid

black lines) the reflected soliton shows a lateral deviation from

the expected location expected from Snell’s law. This shift is

estimated to be approximately 275 nm. This is a manifestation

of the Goos-H€anchen effect, where the multiple plane wave

components comprising the incident beam see different phase

shifts at the surface. This effect was reported for a linear TM

polarized beam incident on gold in Ref. 17 and the shift of 300

nm reported therein is very similar to the shift we report here

for the nonlinear case (with a narrow soliton).

The experimental observations on the thin film motivated

other configurations to be investigated that have application to

problems where there is a need for controlling the propagation

direction of or combining non-paraxial spatial solitons. Consider

Figure 3, where the gold film thickness has been increased to 2

lm. A second film of the same thickness was placed 9 lm

above the first, and laterally shifted. This is a dual-mirror con-

figuration where the incident soliton sees two reflection events

at approximately 33� with respect to each film’s surface normal.

The grid simulation parameters and other beam characteristics

were kept the same as the previous case.

Some interesting phenomena are observed; first, the soliton

survives both reflections, retaining its transverse profile with

propagation more than 25 diffraction lengths beyond the second

film. Second, these results suggest dual thick gold films can ena-

ble lateral shifting (in this case to the right) of soliton propaga-

tion by more than 10 lm. An unexpected result was that the

beam shows a divergence from a straight propagation direction

shortly after the second reflection, yet later returns back to the

initial course (Figure 3). A similar effect is slightly noticeable

in the refracted energy beyond the upper film. The soliton tra-

jectory can be strongly influenced by modulations in the local

refractive index. Such modulations can be induced by material

inhomogeneities or interactions with other close-proximity soli-

tons, or by self-generated effects, that is, its own scattered fields

may have sufficient intensity to influence the composite index in

the region close to its propagation. Our hypothesis for the cause

of the deviation from a straight propagation path is this latter

effect. This in general will be a very complex interaction, as the

superposition of the local soliton fields with those scattered by

the films in the region between them will be constructive or

deconstructive depending on their phase relationship and the

resulting total intensity will dictate the effect on the soliton’s

course. Deeper investigation into this phenomenon is a planned

topic for future research.

The two previous experiments were next combined to extend

the applications of beamsplitting and lateral shift to a soliton

collimator. Only a simple scaling of the first gold film was

required, back to the 20 nm thickness, and a change in the loca-

tion and separation of the upper film. Two variations were

Figure 3 Dual-mirror configuration. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com]

Figure 4 Beam splitting experiments. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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considered—a separation of 3 lm and a separation of 7 lm,

shown in Figure 4 left and right, respectively. The initial beam

is split on striking the first film and the transmission continues

as a soliton. The reflection, at roughly half the amplitude, is sub-

sequently and nearly completely reflected by the upper, thicker

slab back to a downward trajectory. Both beams ultimately fol-

low an adjacent propagation trend, albeit not parallel. They tend

to attract one-another and approach a meeting point depending

on the film separation. These observations are similar to those

presented in Ref. 11, where it was shown using GVADE FDTD

that copropagating non-paraxial TM polarized solitons can

attract each other depending on relative phase and separation

distance. We hypothesize this phenomenon may be attributable

to the combined effects of the dual-soliton interaction and the

scattered fields from the films as suggested above.

The relevance of these results is that multiple gold slabs of

varying thickness and separation can enable a configurable non-

paraxial spatial soliton collimation device on the nanoscale. Ori-

entation of the slabs allows control of the beam separation.

A final experiment focused on the case where the gold slabs

were brought into close proximity and thickness dramatically

increased to form a slab waveguide. The primary objective was to

utilize the structure to simultaneously guide two solitons at

oblique, complimentary angles with respect to the waveguide axis.

Such a device meets application needs where multiple overlapping

solitons require modifications in their propagation direction.

To mitigate the problem of having to source the solitons

at a removed distance from the structure and collecting them

into the guide aperture, while retaining sufficient guard dis-

tance from the surrounding grid boundaries, a new sourcing

scheme was utilized. Instead of exciting the Hz field compo-

nent, the magnetic current density Mz was excited. While

nonphysical, it is a valid mathematical approach to sourcing

the field through Maxwell’s equations. Furthermore, it

resolved the issue of retro reflected energy from interfering

with the source cells because Mz is inherently transparent to

the electric and magnetic fields.

The grid dimensions were 68 lm in the x-dimension and 50

lm in the y-dimension. In the center of the grid, two gold slabs

were brought within close proximity to form a planar waveguide

having a gap width of 3.5 lm and length of 14 lm. One soliton

was sourced at an angle of h ¼ 30� (downward) and the second

was simultaneously sourced at h ¼ �30� (upward) in the center

of the waveguide, with separation of 2.5 lm along the y-dimen-

sion. The pair were sourced using

Mzði ¼ 3400; jÞ ¼ A0

l0

Dt
uðt� js1Þ sin x0ðt� js1Þ½ �sech D j� j1ð Þ=w0½ �

þ A0

l0

Dt
uðt� s2ðj� Ny þ 1ÞÞ sin x0ðt� s2ðj� Ny þ 1ÞÞ

� �
sech D j� j2ð Þ=w0½ �

(1:4)

The value of i ¼ 3400 corresponds to the center of the grid

along the x-dimension. s1 and s2 are given by (1.3) with h ¼
30� and �30�, respectively. A0 was empirically determined to

be 5.0 � 107 A/m. l0 is the free-space permeability, Ny is the

total number of grid cells in the y-dimension (5000), and w0,

x0, and Dt remained the same as the earlier experiments

described above. The transverse peaks of the beams resided at

D*j1 ¼ 25 lm and D*j2 ¼ 27.5 lm.

The magnitude of the total electric field at a late time step in

the region of the waveguide is shown in Figure 5. Only one half

of the grid is shown, as the other half is simply an image, and

the left edge was relabeled to start at 0 lm (rather than 34 lm)

to simplify reading the x-scale. Each beam sees a single reflec-

tion from the opposite side of the waveguide to reverse its

direction, while intersecting paths with its dual. Each emerges

from the guide in the opposite direction it originated at, retain-

ing a focused envelope profile. Each beam could possibly be

intercepted by a collection aperture, for example, for separation

from the other beam. What results is an optical routing circuit

where two overlapping solitons can be flipped in directions.

This is the first reported proposal of a dual-soliton complimen-

tary routing waveguide using gold.

4. CONCLUSIONS

The results presented here are believed to be the first quantitatively

demonstrating that nanoplasmonic structures, specifically gold

films and slabs, are feasible guiding devices for non-paraxial spa-

tial solitons. It is also the first application of FDTD techniques to

the problem where multiple electric field components and disper-

sions are fully accounted for. Finally, the study proposed gold

structures as soliton beamsplitters, collimators, and dual-soliton

waveguides, including reporting of an interesting observation of

the Goos-H€anchen effect for the nonlinear case. Not only is this

study relevant to efforts involved with time-domain numerical

techniques for nonlinear electromagnetic fields, but also to switch-

ing and routing for nanoscale, all-optical computing applications.

Future research includes deeper investigation into the role of scat-

tered fields from the films on the soliton trajectory post reflection,

and also the generation of SPPs using incident solitons.
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ABSTRACT: The development of two reduced microstrip slot antennas
with a U-shaped resonant configuration is presented. The additional
resonator is located inside the slot and is designed to perform dual

band operation, covering the 2.4 GHz and 5.8 GHz WLAN frequency
bands. The main goal of the antenna design is to get the optimum size

reduction without significant degradation of electrical characteristics
compared to a similar antenna reported in literature. The antenna
implementation was done using low cost substrates. A size reduction of

84% was got by using a dielectric constant substrate of 10. Simulation
and experimental results are presented for both antennas, showing close

convergence. Their radiation patterns have quasi-omnidirectional
behavior useful for WLAN applications. Both antennas have small size

suitable for mobile applications. VC 2012 Wiley Periodicals, Inc.

Microwave Opt Technol Lett 54:2684–2689, 2012; View this article

online at wileyonlinelibrary.com. DOI 10.1002/mop.27187

Key words: microstrip rectangular slot antenna; WLAN antennas;
multiband antenna; size reduction

1. INTRODUCTION

Nowadays, mobile communications are everywhere, they demand

smaller antennas with better performance, to achieve all the features

needed in communication systems, including low cost, small vol-

ume, and portability. Furthermore, in many occasions, they demand

multiband characteristics to cover efficiently the required bands.

The combination of resonant structures with microstrip line

slot antennas and tuning stubs, to efficiently match some desired

bands, has been studied in several articles [1–8]. In Ref. 9, an

interesting rectangular slot antenna with a U-shaped strip for

WLAN communication is presented, improving broadband

matching over the standard specifications. Nevertheless, the size

of this prototype is not well suited for personal devices, as the

total antenna area is 75 � 75 mm2.

Here, it is proven that using low dielectric constant sub-

strates, microstrip slot antennas with a U resonator can be sig-

nificantly reduced, operating in 2.4 GHz and 5.8 GHz frequency

bands for a S11 � �10 dB.

After a tuning procedure using CST Microwave Studio [10],

it is found that there is a set of parameters involved in the per-

formance of the antenna in Ref. 9, which can be modified to

reduce the size of the device to operate in the required bands

(2.4 and 5.8 GHz) without degrading the main parameters of the

antenna, especially the gain, matching and radiation pattern.

Once several computer simulation processes were made, an op-

timum set of parameters was found for an antenna built over a sub-

strate with a dielectric constant of 2.2. As a result, a 71.5% smaller

antenna area was obtained. Using a substrate with higher dielectric

constant for further size reduction, a second one was developed

with an er ¼ 10. Following a similar tuning procedure used with

the first antenna, a size reduction of 84% was got. These reduction

factors of the antenna area are in contrast with the one reported in

Ref. 9. Nevertheless, the small size, the performance is comparable

to other reduced antennas available in the literature [11–19].

2. ANTENNA DESIGN

Figure 1 illustrates the configuration of the developed antennas.

A 50-X microstrip line is used as a feeding line. On the ground

plane, a rectangular slot is etched and also a U-shaped resonator is

introduced to achieve the dual band operation. It performs as an

extra resonator and it is centered inside the rectangular slot as it is

depicted in Figure 1. Figure 2 shows the fabricated hardware.

The size of the rectangular slot given by Ls and Ws determines

the lower band. The U-shaped structure is used as a resonant ele-

ment to produce the second frequency band that can be controlled,

mainly, by the length L1. The longitude of the microstrip feed line

Lf determines the coupling of the rectangular slot with the resonator.

To reduce the antenna dimensions, a tuning process has to be

carried out to determine the best size of the slot, the ground

plane, and the length of the feeding line.

3. DEVELOPMENT AND RESULTS

After several tuning processes, the best parameters for the first

antenna were obtained. This one was fabricated on substrate

with er ¼ 2.2 (Taconic TLY-5), its thickness, h, is 1.27 mm.
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