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ANTENNA, METHOD FOR FORMING THE SAME, AND
METHOD FOR CONTROLLING THE SAME

Cross-Reference To Related Application

[0001] This application claims the benefit of priority of Singapore patent application
No. 10201707781R, filed 21 September 2017, the content of it being hereby incorporated by

reference in its entirety for all purposes.

Technical Field

[0002] Various embodiments relate to an antenna, a method for forming an antenna, and a

method for controlling an antenna.

Background

[0003] Wide-band technology and wireless systems have found a large range of applications.
Antenna represents an essential part of any wireless communication systems. The size of the
antenna is very important especially in military/civil communication systems, in which an
antenna with a low visual signature is required. In such applications, antennas are required to
have wide-band characteristics with consistent polarization and radiation properties over the
frequency band of operation.

[0004] Several techniques have been employed to design antennas with a low-profile and wide-
band performance. Three basic strategies have been utilized: 1) multi-resonant structure,
2) monopolar-patch antenna with wide-band feed, and 3) two coupled loops. In the first
strategy, the antennas occupy a cylindrical volume with a diameter of 0.19 Anax and a height of
0.067 Amax, Where Amax is the free-space wavelength at the lowest frequency of operation.
Although they have a low-profile structure, the bandwidth is only one octave (2:1). The second
strategy is based on the monopolar-patch antenna, which, although this design has a low-
profile, it has a narrow bandwidth of 3%. By employing a slot square ring in the top patch, the

bandwidth is increased, for example, to 50% and even to 70%. By utilizing wide-band feed
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structures instead of pin feeds, the bandwidth has been increased dramatically. The third
strategy utilizes two coupled loops to achieve wide-band characteristics. By top loading this
antenna, low-profile versions were designed. By integrating two different antennas of the low-
profile version each of which operates at a different frequency band, a very wideband design
was presented. The main and common drawback of these designs is the large lateral dimension
of the antenna in the azimuth plane, so that, these designs are considered as low-profile but not
compact designs.

[0005] Recently, one design has been presented to have more reduction in the lateral dimension
utilizing the third technique to achieve wide-band characteristics and top loading with

capacitive feed to achieve a compact design.

Summary

[0006] The invention is defined in the independent claims. Further embodiments of the
invention are defined in the dependent claims.

[0007] According to an embodiment, an antenna is provided. The antenna may include a
conductive structure, a conductive ring arranged over and spaced apart from the conductive
structure, at least one meandering conductor electrically coupling the conductive structure and
the conductive ring to each other, and a signal feed structure configured to receive an electrical
signal, the signal feed structure arranged electrically isolated from the conductive structure, and
spaced apart from the conductive ring.

[0008] According to an embodiment, a method for forming an antenna is provided. The method
may include electrically coupling a conductive structure of the antenna and a conductive ring of
the antenna to each other via at least one meandering conductor, the conductive ring being
arranged over and spaced apart from the conductive structure, and arranging a signal feed
structure of the antenna electrically isolated from the conductive structure, and spaced apart
from the conductive ring, the signal feed structure being configured to receive an electrical
signal.

[0009] According to an embodiment, a method for controlling an antenna is provided. The
method may include supplying an electrical signal to a signal feed structure of the antenna as

described herein.
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Brief Description of the Drawings

[0010] In the drawings, like reference characters generally refer to like parts throughout the
different views. The drawings are not necessarily to scale, emphasis instead generally being
placed upon illustrating the principles of the invention. In the following description, various
embodiments of the invention are described with reference to the following drawings, in which:
[0011] FIG. 1A shows a schematic side view of an antenna according to various embodiments.
[0012] FIG. 1B shows a flow chart illustrating a method for forming an antenna, according to
various embodiments.

[0013] FIG. 1C shows a method for controlling an antenna, according to various embodiments.
[0014] FIGS. 2A to 2D show schematic views of an antenna, according to various
embodiments.

[0015] FIG. 3A and 3B show, for the antenna of various embodiments, respective plots of
simulated voltage standing wave ratio (VSWR) and simulated maximum realized gain and total
efficiency.

[0016] FIGS. 4A to 4C show respectively the vector surface current distributions for the
antenna of various embodiments without bottom patches at different frequencies of 0.7 GHz,
0.9 GHz, and 2.3 GHz.

[0017] FIG. 5 shows a plot of simulated voltage standing wave ratio (VSWR) as a function of
meander line length.

[0018] FIG. 6 shows the simulated results of the effect of parasitic posts on the performance of
the antenna.

[0019] FIG. 7 shows the simulated results of the effect of adding bottom patches on the
performance of the antenna.

[0020] FIG. 8A shows the vector surface current distribution for an antenna without bottom
patches at a frequency of about 2.34 GHz, while FIG. 8B shows the vector surface current
distribution for an antenna with bottom patches at a frequency of about 2.18 GHz.

[0021] FIG. 9 shows a plot of simulated results of the effect of parasitic posts and bottom
patches on the performance of the antenna.

[0022] FIG. 10 shows the simulated results of the effect of dielectric material on the

performance of the antenna.
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[0023] FIG. 11 shows a plot of simulated results of the effect of the ground size on the
performance of the antenna.

[0024] FIG. 12A shows photographs of the fabricated parts for an antenna, while FIG. 12B
shows a photograph of an assembled antenna on a circular ground.

[0025] FIG. 13A shows a plot of results for comparison between simulated and measured
voltage standing wave ratio (VSWR), while FIG. 13B shows a plot of results for comparison
between simulated and measured maximum realized gain.

[0026] FIGS. 14A to 14C show simulated and measured far field co- and cross-polarized
radiation patterns for the antenna of various embodiments, at five different frequencies for

different cut planes.

Detailed Description

[0027] The following detailed description refers to the accompanying drawings that show, by
way of illustration, specific details and embodiments in which the invention may be practiced.
These embodiments are described in sufficient detail to enable those skilled in the art to
practice the invention. Other embodiments may be utilized and structural, logical, and electrical
changes may be made without departing from the scope of the invention. The various
embodiments are not necessarily mutually exclusive, as some embodiments can be combined
with one or more other embodiments to form new embodiments.

[0028] Features that are described in the context of an embodiment may correspondingly be
applicable to the same or similar features in the other embodiments. Features that are described
in the context of an embodiment may correspondingly be applicable to the other embodiments,
even if not explicitly described in these other embodiments. Furthermore, additions and/or
combinations and/or alternatives as described for a feature in the context of an embodiment
may correspondingly be applicable to the same or similar feature in the other embodiments.

(194 (3
a

[0029] In the context of various embodiments, the articles an” and “the” as used with
regard to a feature or element include a reference to one or more of the features or elements.
[0030] In the context of various embodiments, the term “about” as applied to a numeric value

encompasses the exact value and a reasonable variance.
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[0031] As used herein, the term “and/or” includes any and all combinations of one or more of
the associated listed items.

[0032] As used herein, the phrase of the form of “at least one of A or B” may include A or B or
both A and B. Correspondingly, the phrase of the form of “at least one of A or B or C”, or
including further listed items, may include any and all combinations of one or more of the
associated listed items.

[0033] Various embodiments may provide a compact and wide-band vertically polarized
monopole antenna.

[0034] Various embodiments may provide a vertically polarized antenna with monopole-like
radiation pattern.

[0035] Various embodiments may provide a compact antenna based on a monopolar-patch
antenna with wide-band feed, for example, by utilizing dielectric loading and meander line(s) to
reduce the lateral dimension.

[0036] The design of a compact, wide-band antenna with omnidirectional radiation pattern is
described herein. The antenna may occupy a cylindrical volume and may be composed of a
conducting body of revolution, a parasitic top ring shorted to a ground plane via a meander line,
a dielectric material and two parasitic metallic posts. The conducting body of revolution is
employed to act as a wide-band feeding structure. The parasitic top ring with the meander line
and the dielectric material are utilized to reduce the lowest frequency of operation, and, hence,
size reduction is achieved. Detailed analysis of the antenna performance, to be described further
below, is provided with the help of vector surface current distribution. The design disclosed
herein provides a voltage standing wave ratio (VSWR) lower than 2.5:1 from about 0.69 to
3.35 GHz with a bandwidth of about 4.86:1. The antenna may have a diameter of about
0.115 Amax and a height of about 0.092 Amax, where Amax is the free-space wavelength at the
lowest frequency of operation. An antenna has been designed, fabricated and measured. The
measured VSWR is consistent with the simulated one. The measured maximum realized gain
varies from about 2 to 6 dBi. The total efficiency of the antenna is above 80% within the
operating band. By excluding the impedance mismatching, the simulated radiation efficiency is
found to be above 93%. A good agreement is achieved between simulated and measured far-

field radiation patterns.
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[0037] Various embodiments may relate to a compact and wide-band antenna design. The
antenna may include a ground plane, a cone, a plurality of parasitic posts, a circular ring
electrically coupled to the ground plane via a plurality of meander lines, and a dielectric
material filling up the space among the ground plane, the cone, the circular ring and the
meander lines. The antenna may further include a metallic patch electrically coupled to the
meander line, such that the magnitude of the reflected signal and the frequency of the first
harmonic may be decreased. The antenna of various embodiments may have the smallest
dimensions compared to known designs with wide-band characteristics. As the design of the
antenna of various embodiments is 90° rotationally symmetric around the z-axis (e.g., defined
as a vertical axis, e.g., perpendicular to the ground plane), a very good omnidirectional
radiation pattern may be achieved.

[0038] FIG. 1A shows a schematic side view of an antenna 100 according to various
embodiments. The antenna 100 includes a conductive structure 102, a conductive ring 104
arranged over and spaced apart from the conductive structure 102, at least one meandering
conductor 106 electrically coupling the conductive structure 102 and the conductive ring 104 to
each other, and a signal feed structure 108 configured to receive an electrical signal, the signal
feed structure 108 arranged electrically isolated from the conductive structure 102, and spaced
apart from the conductive ring 104.

[0039] In other words, an antenna 100 may be provided. The antenna 100 may include a
conductive structure 102 and a conductive ring 104 arranged above the conductive
structure 102. The conductive structure 102 and the conductive ring 104 may be spaced apart
from each other. The conductive structure 102 and the conductive ring 104 may be arranged at
least substantially parallel to each other. Each of the conductive structure 102 and the
conductive ring 104 may be electrically conductive. The conductive structure 102 may be a
base structure for supporting the antenna 100, and the conductive ring 104, being provided on
top of the conductive structure 102, may define an upper or top ring. The conductive
structure 102 may define an electrical ground, meaning that the conductive structure 102 may
be a ground (GND) structure.

[0040] The antenna 100 may further include at least one meandering conductor (or conductive
line) 106. The at least one meandering conductor 106 may have a longitudinal axis aligned at

least substantially perpendicular to the conductive structure 102. The at least one meandering
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conductor 106 may be formed or provided on a dielectric substrate. The conductive
structure 102 and the conductive ring 104 may be shorted to one another by means of the at
least one meandering conductor 106. The shorting connection may reduce the lowest frequency
of operation of the antenna 100. In other words, the at least one meandering conductor 106 may
be provided to help define the lowest frequency of operation of the antenna. The length of the at
least one meandering conductor 106 may help to control the lowest frequency of operation, and,
as the meander line length increases, the lowest frequency decreases. Further, using a conductor
that has a meandering pattern may help to realise a compact-size antenna.

[0041] The antenna 100 may further include a signal feed structure 108 which may be excited
by an electrical signal that is provided to it. The signal feed structure 108 may receive an
electrical signal suitable for wide-band operation. The signal feed structure 108 may also be
termed as a body of revolution. The signal feed structure 108 may be (electrically) conductive.
[0042] The signal feed structure 108 may be electrically isolated from the conductive
structure 102. The signal feed structure 108 may be spaced apart from the conductive ring 104.
The signal feed structure 108 may be spaced apart from the conductive ring 104 by a slot or a
gap. The signal feed structure 108 may be electrically isolated from the conductive ring 104 by
being separated from the conductive ring 104 by the slot. The conductive ring 104 and the
signal feed structure 108 may define a capacitance or provide capacitive coupling.

[0043] The signal feed structure 108 may be arranged inside or within the conductive ring 104.
For example, the signal feed structure 108 may be arranged within a perimeter of the
conductive ring 104, e.g., within an inner circumference of the conductive ring 104. The
conductive ring 104 may be arranged surrounding the signal feed structure 108, e.g., around an
entire perimeter of the signal feed structure 108. The conductive ring 104 may include an
aperture or opening to receive the signal feed structure 108, with a slot being defined between
the conductive ring 104 and the signal feed structure 108. The signal feed structure 108 and the
conductive ring 104 may be arranged co-planar to each other.

[0044] In the context of various embodiments, the conductive structure 102 may include or
may be a planar structure. The conductive structure 102 may be circular. However, it should be
appreciated that the conductive structure 102 may be of any other suitable shapes, including a

square, a rectangle, etc.
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[0045] In the context of various embodiments, the conductive ring 104 may be a parasitic ring.
The term “parasitic” as used throughout herein with reference to an element or feature may
mean that the element is not connected to (or not electrically coupled to) the signal feed
structure 108 and/or a signal feed port, and, further, may act as a loading to the signal feed
structure 108.

[0046] In the context of various embodiments, the conductive ring 104 may include or may be
a planar structure. The conductive ring 104 may be a patch structure. The conductive ring 104
may be circular. However, it should be appreciated that the conductive ring 104 may be of any
other suitable shapes, including a square, a rectangle, etc. Optimization may be carried out
using a full-wave simulator.

[0047] In various embodiments, the antenna 100 may include a plurality of meandering
conductors (or conductive lines), each of the plurality of meandering conductors (one of which
includes the meandering conductor 106) electrically coupling the conductive structure 102 and
the conductive ring 104 to each other. The plurality of meandering conductors may be provided
to provide a rotationally symmetric antenna, which may then produce a symmetric radiation
pattern. There may be an optimal number of four meandering conductors. However, it should
be appreciated that any number of meandering conductors may be provided, including two,
three or any higher number.

[0048] The plurality of meandering conductors may be arranged equally spaced around the
conductive ring 104. In embodiments where there may be four meandering conductors and the
conductive ring 104 may be circular, a meandering conductor (e.g., 106) may be spaced from
another meandering conductor around the circular conductive ring 104 by 90°.

[0049] In various embodiments, for each of the at least one meandering conductor 106, the
meandering conductor may be shaped in the form of a square wave. This may mean that each
meandering conductor may be defined by a series of alternating vertical and horizontal line
segments. However, it should be appreciated that each of the at least one meandering
conductor 106 may be of any other suitable shapes, for example, in the form of a sinusoidal
wave, a triangular wave, etc.

[0050] In various embodiments, the antenna 100 may further include, for each of the at least
one meandering conductor 106, a conductive patch electrically coupled to the meandering

conductor along a (length) portion of the meandering conductor. Each conductive patch may be
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a metallic patch. Each conductive patch may be arranged along a bottom portion of the
corresponding meandering conductor, proximal to the conductive structure 102. As such, each
conductive patch may be a bottom patch. Each conductive patch may have a size (e.g., length
and/or width) that is larger than a width of the corresponding meandering conductor. Each
conductive patch may be a quadrilateral, e.g., a square or a rectangle. However, it should be
appreciated that each conductive patch may be of any other suitable shapes. Optimization may
be carried out using a full-wave simulator.

[0051] The antenna 100 may further include a dielectric material arranged surrounding the
signal feed structure 108. The dielectric material may further be arranged between the
conductive structure 102 and the conductive ring 104, e.g., covering the entire distance between
the conductive structure 102 and the conductive ring 104. The dielectric material may further be
arranged between the conductive ring 104 and the signal feed structure 108, for example, within
a slot defined between the conductive ring 104 and the signal feed structure 108. The dielectric
material may also be arranged between the signal feed structure 108 and the at least one
meandering conductor 106. In embodiments where there may be a plurality of meandering
conductors, the dielectric material may also be arranged between adjacent meandering
conductors. In embodiments without the dielectric material, the antenna 100 may be narrow-
banded.

[0052] Dielectric materials may be characterized by dielectric constant (&,) and dielectric losses
(tand). A suitable dielectric material that may be employed for the antenna 100 should have
dielectric losses as low as possible to achieve high radiation efficiency.

[0053] In various embodiments, the dielectric material may be employed as a loading. Any
suitable material may be used as the dielectric material. As non-limiting examples, the
dielectric material may have a dielectric constant (&) of between about 2.9 and about 3.3, for
example, about 3.15.

[0054] In various embodiments, the dielectric material may include or may be a polymer.
Nevertheless, it should be appreciated that any other suitable material may be used as the
dielectric material.

[0055] The antenna 100 may further include a pair of conductive posts arranged on opposite
sides of the signal feed structure 108. The pair of conductive posts may be parasitic posts that

act as inductive loading to the antenna 100. The pair of conductive posts may be arranged
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spaced apart from the signal feed structure 108. The pair of conductive posts may be
electrically isolated from the signal feed structure 108. The pair of conductive posts may be
electrically coupled to the conductive structure 102. At least one of the height, diameter or
separation of the conductive posts from the signal feed structure 108 may be controlled or
designed according to the requirements of the antenna 100.

[0056] In various embodiments, a plurality of conductive posts may be provided surrounding
the signal feed structure 108, separated from the signal feed structure 108. The plurality of
conductive posts may be provided to provide a rotationally symmetric antenna, which may then
produce a symmetric radiation pattern. Further, the conductive posts may be provided to reduce
the spark frequency and achieve wideband impedance matching. A pair of conductive posts
may be optimum. However, the number of conductive posts may be increased to 4, but
preferably not more than 4, which otherwise may affect the wideband matching.

[0057] In various embodiments, the signal feed structure 108 may include an inverted cone
structure, the inverted cone structure having a tip (or apex, or vertex) proximal to the
conductive structure 102. The inverted cone structure may include or may be a curved cone.
This may mean that the inverted cone structure may have a surface connecting the tip to a base
of the inverted cone structure, the surface having a curvature along a line, traced on the surface,
defined from (the perimeter of) the base to the tip. The curved cone may enable wideband
impedance matching to be achieved.

[0058] The antenna 100 may further include an N-type connector coupled (or connected) to the
signal feed structure 108. The N-type connector may allow feeding or supply of an electrical
signal to the signal feed structure 108. Any other connector type may also be employed.

[0059] In the context of various embodiments, different conductive parts or elements of the
antenna 100 may be made of different materials. Any one of the conductive parts of the
antenna 100 may be metallic.

[0060] FIG. 1B shows a flow chart 120 illustrating a method for forming an antenna, according
to various embodiments.

[0061] At 122, a conductive structure of the antenna and a conductive ring of the antenna are
electrically coupled to each other via at least one meandering conductor, the conductive ring

being arranged over and spaced apart from the conductive structure.
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[0062] At 124, a signal feed structure of the antenna is arranged electrically isolated from the
conductive structure, and spaced apart from the conductive ring, the signal feed structure being
configured to receive an electrical signal.

[0063] In various embodiments, there may be a plurality of meandering conductors, and,
at 122, the conductive structure and the conductive ring may be electrically coupled to each
other via each of the plurality of meandering conductors. The plurality of meandering
conductors may be equally spaced around the conductive ring.

[0064] In various embodiments, for each of the at least one meandering conductor, a
conductive patch may be electrically coupled to the meandering conductor along a portion of
the meandering conductor.

[0065] In various embodiments, a dielectric material may be arranged surrounding the signal
feed structure. The dielectric material may further be arranged between the conductive structure
and the conductive ring. The dielectric material may further be arranged between the
conductive ring and the signal feed structure.

[0066] In various embodiments, a pair of conductive posts may be arranged on opposite sides
of the signal feed structure.

[0067] In various embodiments, the signal feed structure may include an inverted cone
structure, and, at 124, the inverted cone structure may be arranged with a tip of the inverted
cone structure proximal to the conductive structure.

[0068] FIG. 1C shows a method 130 for controlling an antenna, according to various
embodiments. An electrical signal may be supplied to a signal feed structure of the antenna as
described herein. The electrical signal may be a signal suitable for wide-band operation.

[0069] 1t should be appreciated that descriptions in the context of the antenna 100 may
correspondingly be applicable in relation to the method for forming an antenna described in the
context of the flow chart 120 and the method 130 for controlling an antenna.

[0070] The antenna structure and design of various embodiments will now be described.

[0071] FIGS. 2A to 2D show schematic views of an antenna 200, according to various
embodiments. FIG. 2A shows a three-dimensional (3D) view of the assembled antenna 200,
including a ground plane 202, a top circular ring 204, four meander lines 206, each of which is
formed with a corresponding conductive or metallic patch 210 and on a dielectric substrate 212,

a signal feed structure in the form of a curved cone 208 that is arranged separated from the
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circular ring 204 by a slot 214, and a dielectric material 216. The top circular ring 204 is
shorted to the ground plane 202 by the meander lines 206. The dielectric material 216 may
surround the curved cone 208, fill the space of the slot 214, and fill the space between the
curved cone 208 and the four meander lines 206, and the space between adjacent meander
lines 206. The dielectric material 216 may have a dielectric constant, ¢, of about 3.15. FIG. 2B
shows a 3D view of the antenna 200, with the dielectric material 216 removed, to show the
interior of the antenna 200. Two parasitic posts 218a, 218b may be arranged on either side of
the curved cone 208, spaced apart from the curved cone 208. The antenna 200 may be a wide-
band antenna.
[0072] FIGS. 2C and 2D respectively show parameters defining the dimensions of the meander
lines 206 and the curved cone 208. Each meander line 206 may have a shape or pattern in the
form of a square wave defined by a series of alternating vertical line segments (e.g., having
length /,;) and horizontal line segments (e.g., having length /,,4). As shown in FIG. 2C, an (one-
port) N-type connector 219 may be connected to the curved cone 208 to feed the antenna 200.
[0073] The curved cone 208 may act as a wide-band feed for the antenna 200 and its curvature
may be defined or generated using the following equations:
x=—e HEElpp 2+

CORE S

Equation (1),

where = [m{l =+ {chug-!}l}ﬂf [H -z}

Equation (2).

[0074] The capacitive coupling due to the slot 214 between the curved cone 208 and the top
ring 204 with the meander lines 206 may be utilized to match and reduce the lowest frequency
of operation. The two parasitic posts 218a, 218b may act as an inductive loading for the
antenna 200 to match the high frequency band. These two posts 218a, 218b along with the four
bottom patches 210 may be employed to match the spark, which may be due to high-order
harmonics of the meander line 206. The cylindrical dielectric 216 may be utilized to reduce the
lowest frequency and match the high frequency band as will be described further below. The
antenna 200 may be mounted on a circular ground plane with a diameter of about 800 mm.

[0075] The voltage standing wave ratio (VSWR), the maximum realized gain and total
efficiency for the antenna of various embodiments are simulated using the following
dimensions: H = 40, Digie = 9, Diring = 30, Doring = 50, Decone = 15, Z> = 0.2, hpost = 18, dpost = 7,
W= 0.5, I;n =8, lmh = 5.2, w1 = 5.25, wa = 4, and d; = 3.85, with all dimensions in mm. The

dielectric material 216 may have a dielectric constant (¢,) in the range of 2.9 to 3.3.
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[0076] FIG. 3A shows a plot 350a of the simulated voltage standing wave ratio (VSWR). The
antenna has a VSWR of about 2.5:1 from about 0.69 GHz to about 3.35 GHz with a bandwidth
of about 4.86:1. It is obtained using the time-domain solver of CST Microwave Studio. Most of
the simulations are conducted with an infinite ground plane to reduce the simulation time,
unless stated otherwise. The antenna has a cylindrical volume with a diameter of about 0.115
Amax and a height of about 0.092 Amax, where Amax is the free-space wavelength at the lowest
frequency of operation.

[0077] FIG. 3B shows a plot 350b of the simulated maximum realized gain and total efficiency.
Plot 350b shows result 352 for the maximum realized gain (dBi) and result 354 for the total
efficiency. The maximum realized gain varies from about 3.5 dBi to about 6.2 dBi in the
operating frequency band (0.69 GHz - 3.35 GHz) of the antenna and the total efficiency is
above 80%.

[0078] The operation and analysis of the antenna of various embodiments will now be

described.

[0079] The Vector Surface Current Distribution
[0080] FIGS. 4A to 4C show respectively the vector surface current distributions for the

antenna of various embodiments without bottom patches (metallic patches) at different
frequencies of 0.7 GHz, 0.9 GHz, and 2.3 GHz. As non-limiting examples, the antenna of
FIGS. 4A to 4C is based on the antenna 200 of FIGS. 2A to 2D. The dielectric material is not
shown for ease of understanding to illustrate the interior of the antenna.

[0081] At the operating frequency of about 0.7 GHz, FIG. 4A shows that the meander lines 206
have most of the current. The vertical components of the current are in the same direction (as
traced by the vertical white arrows illustrated for one of the meander lines 206), which leads to
enhancing the co-polarized radiation pattern. The horizontal components of the current are in
the opposite directions to each other (as traced by the horizontal white arrows illustrated for one
of the meander lines 206), leading to a small cross-polarized radiation pattern of the antenna
200. The current on the curved cone 208 is weak and is opposite in direction to the one on the
meander line 206 so that the cone 208 with meander line 206 construct a half-loop situation.
The first anti-/parallel-resonance occurs when the loop circumference equals about 0.5 Ay,

where Ao is the free-space operating wavelength. FIG. 5 shows a plot 550 illustrating the effect
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of the meander line length on the lowest frequency of operation and the middle spark (at around
2.1 - 2.5 GHz), which will be discussed further below. Plot 550 shows the simulated results of
voltage standing wave ratio (VSWR) as a function of meander line length, lneander, 1llustrating
result 552 for Lneander = 49.85 mm, result 554 for lneander = 52.85 mm, and result 556 for
Lneander = 55.85 mm. As may be observed, as the length of the meander line 206 increases, the
lowest frequency decreases because the length of the half-loop increases. One of the factors
affecting the lowest frequency of operation and matching at low-frequency band is the loop
length, which may include the height of the curved cone 208 and the length of the meander
line 206.

[0082] At the operating frequency of about 0.9 GHz, as shown in FIG. 4B, the meander
line 206 has a smaller current density than the one at the frequency of about 0.7 GHz. The
directions of the vertical and horizontal components (as traced by the horizontal white arrows
illustrated for one of the meander lines 206) of the current on the meander line 206 are opposite
to those at the frequency of 0.7 GHz shown in FIG. 4A. The current on the curved cone 208
becomes stronger and has the same direction as the one on the meander line 206, which is
similar to the folded dipole situation.

[0083] At the operating frequency of about 2.3 GHz, as shown in FIG. 4C, the meander
line 206 has most of the current. The meander line length affects the spark frequency, as shown
in FIG. 5, where as lueander increases from 49.85 mm to 55.85 mm, the spark frequency
decreases from about 2.5 GHz to about 2.1 GHz. However, the vertical components (as traced
by the vertical white arrows illustrated for one of the meander lines 206) of the current on the
meander line 206 are in opposite directions to each other because of the first high-order mode
of the meander line 206. By examining the animated electric field on the antenna 200, it is
found that at about 0.7 GHz and about 2.3 GHz, the antenna 200 resonates, and standing waves
contribute to the radiation. For other frequencies, the antenna 200 may not or does not resonate,
and traveling waves contribute to the radiation, leading to a wide-band characteristic of the

antenna 200.

[0084] Effect of Parasitic Posts

[0085] FIG. 6 shows the simulated results of the effect of parasitic posts on the performance of

the antenna, with and without parasitic posts (e.g., 218a, 218b, FIG. 2B). The reference antenna
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for all the comparisons is similar to the antenna 200 shown in FIGS. 2A to 2D. Plot 650a
illustrates the result for VSWR as a function of frequency, plot 650b illustrates the result for
input resistance as a function of frequency, and plot 650c illustrates the result for input
reactance as a function of frequency. Results 652a, 652b, 652c¢ are for an antenna without
parasitic posts, while results 654a, 654b, 654c are for an antenna with parasitic posts.

[0086] It may be seen from FIG. 6 that the parasitic posts help in matching at the spark
frequency at about 2.2 GHz (where a spark may be observed) and at high frequencies
(e.g., from about 2.8 GHz to about 3.4 GHz). The posts act as an inductive loading before their
resonant frequency to match the capacitance of the antenna at the spark frequency as shown in
FIG. 6. The posts may also accommodate the real part at the spark frequency as well as high
frequencies. The resonant frequency of the spark may not be affected by adding the parasitic
metallic posts. By controlling at least one dimension relating to the parasitic posts, for example,
at least one of their height, diameter or separation from the curved cone (e.g., 208, FIG. 2B),

good matching may be achieved.

[0087] Effect of Bottom Patches

[0088] A strong reflection appears at a frequency of about 2.3 GHz due to the first harmonic of
the meander line, as discussed above in relation to the vector surface current distribution in the
context of FIGS. 4A to 4C. By perturbing the current distribution on the meander line, this
resonance may be minimised or cured. This may be accomplished by loading the meander line
with metallic patches (e.g., 210, FIG. 2B) at the location of maximum current distribution. As a
non-limiting example, the metallic patches may be positioned at or towards the bottom part of
the meander line.

[0089] FIG. 7 shows the simulated results of the effect of adding bottom (metallic) patches
(e.g., 210, FIG. 2B) on the performance of the antenna. Plot 750a illustrates the result for
VSWR as a function of frequency, plot 750b illustrates the result for input resistance as a
function of frequency, and plot 750c illustrates the result for input reactance as a function of
frequency. Results 752a, 752b, 752c are for an antenna without bottom patches, while results
754a, 754b, 754c are for an antenna with bottom patches. By adding the metallic patches, the
magnitude of the reflected signal may be reduced and/or the frequency of the first harmonic

may be decreased. Further, the frequency of the first harmonic may be decreased because of a
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longer current path. The vector surface current distribution on the antenna at the spark
frequency with and without the bottom patches are shown respectively in FIGS. 8A and 8B.
FIG. 8A shows the vector surface current distribution for an antenna with a top ring 804a and
four meander lines 806a without bottom patches at a frequency of about 2.34 GHz, while
FIG. 8B shows the vector surface current distribution for an antenna with a top ring 804b and
four meander lines 806b with bottom patches 810 at a frequency of about 2.18 GHz. As shown
in FIG. 8B, current flowing through the meander line 806b may be re-directed to flow through
the patch 810, resulting in a longer flow path. The dielectric material is not shown for clarity
and ease of understanding.

[0090] FIG. 9 shows a plot 950 of simulated results of the effect of parasitic posts and bottom
(metallic) patches on the performance of the antenna, illustrating the effect of adding the
bottom patches and the parasitic posts on the spark frequency matching. Plot 950 shows
result 952 for an antenna with parasitic posts and patches, result 954 for an antenna with
parasitic posts and without patches, result 956 for an antenna without parasitic posts and with
patches, and result 958 for an antenna without parasitic posts and patches. As may be observed,

the addition of both the patches and the parasitic posts help to match the spark frequency.

[0091] Effect of Dielectric Material
[0092] FIG. 10 shows the simulated results of the effect of dielectric material (e.g., 216,

FIG. 2A) on the performance of the antenna. Plot 1050a illustrates the result for VSWR as a
function of frequency, plot 1050b illustrates the result for input resistance as a function of
frequency, and plot 1050c illustrates the result for input reactance as a function of frequency.
Results 1052a, 1052b, 1052c are for an antenna without dielectric material, while results 1054a,
1054b, 1054c are for an antenna with dielectric material. As may be observed, the dielectric
material helps with reducing the lowest frequency of operation as well as matching the high

frequency band, which helps to broaden the bandwidth.

[0093] Ground Plane Size Effect

[0094] As mentioned above, an infinite ground plane is used for most of the simulations to
reduce the simulation time. The effect of the ground plane size is shown in FIG. 11 illustrating

a plot 1150 of simulated results of the effect of the ground size on the performance of the
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antenna. Plot 1150 shows result 1152 for an infinite ground, and result 1154 for a circular
ground of a diameter of about 800 mm. As may be observed, the ground plane size has a

minimal or small influence on the matching performance of the antenna.

[0095] Fabrication and Measurement Results

[0096] To build the antenna, six parts may be fabricated and assembled. FIG. 12A shows
photographs of the fabricated parts, which include a curved cone 1208, two parasitic
posts 1218, a top circular ring 1204, one of the meander line portions, having a meander
line 1206 and a conductive patch 1210 on a substrate 1212, a dielectric material 1216 with a
cavity 1240 (boundary traced by white dashed ellipse) for receiving the curved cone 1208, and
a circular ground structure 1202 (shown in top and bottom views). FIG. 12B shows a
photograph of an antenna 1200 on a circular ground 1202, assembled from the parts shown in
FIG. 12A. The circular ground 1202 may define a central part of a larger ground structure 1203.
[0097] As non-limiting examples, the circular ground 1202 (therefore, also the upper ground
structure 1202a and the bottom ground structure 1202b), the parasitic posts (not shown) and the
curved cone 1208 are made of aluminum, and the top ring 1204 is made of copper to be
soldered with the meander lines 1206. The meander lines 1206 and the conductive patches 1210
are also made of copper. ULTEM™ 1000 (Unfilled) PEI (polyetherimide) material is used as
the dielectric material with a dielectric constant, ¢ = 3.15 and dielectric losses, tand = 0.0013
(e.g., from Professional Plastics, Inc.). The four meander lines 1206 are fabricated using printed
circuit board technology on Rogers RT5870 substrate (¢, = 2.33 and thickness = (.38 mm).

[0098] The input VSWR of the fabricated antenna 1200 is measured using an Agilent vector
network analyzer N5230. A comparison between the simulated and measured VSWR and for
the maximum realized gain are shown in FIGS. 13A and 13B. FIG. 13A shows a plot 1350a for
comparison between simulated (result 1352a) and measured (result 1354a) voltage standing
wave ratio (VSWR), while FIG. 13B shows a plot 1350b for comparison between simulated
(result 1352b) and measured (result 1354b) maximum realized gain. As shown in FIG. 13A, the
antenna provides a measured VSWR better than 2.5:1 over a frequency band from about
0.69 GHz to about 3.2 GHz, which corresponds to 4.64:1 bandwidth. The measured maximum
realized gain varies from about 2 dBi to about 6 dBi. As may be observed in FIGS. 13A and

13B, a good agreement between the simulated results and measured data is achieved. The total

17



10

15

20

25

WO 2019/059843 PCT/SG2018/050425

simulated efficiency of the antenna is above 80% within the operating band. By excluding the
impedance mismatching, the radiation efficiency is found to be above 93%. The radiation
patterns and gain are measured in an anechoic chamber. The simulated and measured far field
co- and cross-polarized radiation patterns at five different frequencies are shown in FIGS. 14A
to 14C. The results are shown in three different cut planes, two of them are two different
elevation cuts (the x-z and y-z planes), and the other one is the azimuth plane (the x-y plane).
[0099] FIG. 14A shows the simulated and measured far field co- and cross-polarized radiation
patterns for the antenna of various embodiments, at five different frequencies of 0.7 GHz,
1 GHz, 1.8 GHz, 2.5 GHz and 3.2 GHz in the x-z cut plane, while FIGS. 14B and 14C show the
corresponding results for the same frequencies in the y-z cut plane, and the x-y cut plane,
respectively. In FIGS. 14A to 14C, the solid line is the measured co-polarization, the dashed
line (with shorter line segments) is the simulated co-polarization, the dotted line is the measured
cross-polarization, and the dashed line (with longer line segments) is the simulated cross-
polarization (for example, see results shown in FIG. 14A for the frequency of 3.2 GHz). The
results show that the antenna exhibits monopole-like radiation pattern over the entire frequency
band of operation.

[0100] A comparison between the design of various embodiments and known antenna designs
is shown in Table 1. This comparison focuses on known antennas occupying cubical and
cylindrical volumes. It may be seen that the antenna of various embodiments has the smallest
dimensions with wide-band characteristics. The design may be considered as the second
compact antenna design with wide bandwidth after the one presented in reference “M. Li, et. al.,
IEEE Trans. Antennas Propag., vol. 65, no. 3, pp. 1026-1037, Mar. 2017”. However, the design of
various embodiments is based on a different operating principle with a smaller lateral
dimension and exhibits a wider bandwidth. The design presented in the above-mentioned
reference is not rotationally symmetric around z-axis, which leads to non-ideal omnidirectional
radiation pattern in x-y plane. In contrast, the design of various embodiments is 90° rotationally
symmetric around the z-axis. Moreover, the design of various embodiments may also be

preferable from the mechanical stability viewpoint.
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[0101] As described above, various embodiments may provide a compact and wide-band
monopole antenna design, for example, a design for a compact and wide-band vertically
polarized monopole antenna. The wide-band characteristics may be achieved by employing a
body of revolution as the feeding structure. The compact size may be accomplished by utilizing
the dielectric loading and parasitic top ring with meander line shorted to the ground. An
antenna has been fabricated and measured. The measured VSWR is better than 2.5:1 from
about 0.69 to 3.2 GHz with a bandwidth of about 4.64:1. The antenna has a cylindrical volume
with a diameter of about 0.11 Amax and a height of about 0.09 Amax. The measured maximum
realized gain varies from about 2 to 6 dBi. The measured radiation pattern shows a small cross-
polarization level with consistent monopole-like radiation pattern in the entire operating
frequency band. A comparison with known designs shows that the design of various
embodiments has the compactness volume with a wide-band characteristic. Because the design
is 90° rotationally symmetric around the z-axis, a very good omnidirectional radiation pattern
may be achieved.

[0102] While the invention has been particularly shown and described with reference to
specific embodiments, it should be understood by those skilled in the art that various changes in
form and detail may be made therein without departing from the spirit and scope of the
invention as defined by the appended claims. The scope of the invention is thus indicated by the
appended claims and all changes which come within the meaning and range of equivalency of

the claims are therefore intended to be embraced.

20



10

15

20

25

30

WO 2019/059843 PCT/SG2018/050425

CLAIMS

L. An antenna comprising:

a conductive structure;

a conductive ring arranged over and spaced apart from the conductive structure;

at least one meandering conductor electrically coupling the conductive structure and the
conductive ring to each other; and

a signal feed structure configured to receive an electrical signal, the signal feed structure
arranged electrically isolated from the conductive structure, and spaced apart from the

conductive ring.

2. The antenna as claimed in claim 1, wherein the at least one meandering conductor
comprises a plurality of meandering conductors, each of the plurality of meandering conductors

electrically coupling the conductive structure and the conductive ring to each other.

3. The antenna as claimed in claim 2, wherein the plurality of meandering conductors are

arranged equally spaced around the conductive ring.

4. The antenna as claimed in any one of claims 1 to 3, wherein, for each of the at least one

meandering conductor, the meandering conductor is shaped in the form of a square wave.
3. The antenna as claimed in any one of claims 1 to 4, further comprising, for each of the
at least one meandering conductor, a conductive patch electrically coupled to the meandering

conductor along a portion of the meandering conductor.

6. The antenna as claimed in any one of claims 1 to 5, further comprising a dielectric

material arranged surrounding the signal feed structure.

1. The antenna as claimed in claim 6, wherein the dielectric material is further arranged

between the conductive structure and the conductive ring.
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8. The antenna as claimed in claim 6 or 7, wherein the dielectric material is further

arranged between the conductive ring and the signal feed structure.

9. The antenna as claimed in any one of claims 6 to 8, wherein the dielectric material has a

dielectric constant of between about 2.9 and about 3.3.

10. The antenna as claimed in any one of claims 6 to 9, wherein the dielectric material

comprises a polymer.

I1. The antenna as claimed in any one of claims 1 to 10, further comprising a pair of

conductive posts arranged on opposite sides of the signal feed structure.

12. The antenna as claimed in any one of claims 1 to 11, wherein the signal feed structure
comprises an inverted cone structure, the inverted cone structure having a tip proximal to the

conductive structure.

13. The antenna as claimed in claim 12, wherein the inverted cone structure comprises a

curved cone.

14. The antenna as claimed in any one of claims 1 to 13, further comprising an N-type

connector coupled to the signal feed structure.

15. A method for forming an antenna comprising:

electrically coupling a conductive structure of the antenna and a conductive ring of the
antenna to each other via at least one meandering conductor, the conductive ring being arranged
over and spaced apart from the conductive structure; and

arranging a signal feed structure of the antenna electrically isolated from the conductive
structure, and spaced apart from the conductive ring, the signal feed structure being configured

to receive an electrical signal.
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16. The method as claimed in claim 15, wherein the at least one meandering conductor
comprises a plurality of meandering conductors, the method further comprising electrically
coupling the conductive structure and the conductive ring of the antenna to each other via each

of the plurality of meandering conductors.

17. The method as claimed in claim 16, further comprising arranging the plurality of

meandering conductors equally spaced around the conductive ring.

18. The method as claimed in any one of claims 15 to 17, further comprising, for each of the
at least one meandering conductor, electrically coupling a conductive patch to the meandering

conductor along a portion of the meandering conductor.

19. The method as claimed in any one of claims 15 to 18, further comprising arranging a

dielectric material surrounding the signal feed structure.

20. The method as claimed in claim 19, wherein the dielectric material is further arranged

between the conductive structure and the conductive ring.

21. The method as claimed in claim 19 or 20, wherein the dielectric material is further

arranged between the conductive ring and the signal feed structure.

22. The method as claimed in any one of claims 15 to 21, further comprising arranging a

pair of conductive posts on opposite sides of the signal feed structure.

23. The method as claimed in any one of claims 15 to 22, wherein the signal feed structure
comprises an inverted cone structure, and wherein arranging a signal feed structure comprises
arranging the inverted cone structure with a tip of the inverted cone structure proximal to the

conductive structure.

24. A method for controlling an antenna as claimed in any one of claims 1 to 14, the method

comprising supplying an electrical signal to a signal feed structure of the antenna.
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