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FIG. 1

(57) Abstract: Exemplary embodiments are provided of antennas and antenna systems including the same. In an exemplary embodi-
ment, an antenna generally includes an upper radiating patch element, a ground plane spaced apart from the upper radiating patch
element, and a feed point positioned adjacent the ground plane. A first feeding element electrically couples (e.g., via proximity coup -
ling or direct galvanic coupling) the upper radiating patch element to the feed point. A second feeding element electrically couples
(e.g., via proximity coupling or direct galvanic coupling) the upper radiating patch element to the feed point. A shorting element
electrically couples (e.g., via proximity coupling or direct galvanic coupling) the upper radiating patch element to the ground plane.
In other exemplary embodiments, the antenna systems include one or more ground planes and one or more antennas.
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ANTENNA SYSTEMS WITH LOW PASSIVE INTERMODULATION (PIM)

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application is a PCT International Application of Malaysian Patent
Application No. PI 2014702124 filed August 1, 2014. The entire disclosure of the above
application is incorporated herein by reference.

FIELD

[0002] The present disclosure generally relates to antenna systems with low or good
passive intermodulation (PIM).

BACKGROUND

[0003] This section provides background information related to the present disclosure
which is not necessarily prior art.

[0004] Examples of infrastructure antenna systems include customer premises
equipment (CPE), terminal stations, central stations, and in-building antenna systems. With fast
growing technologies, multi-antenna with large bandwidth has become a great challenge along
with the requirement to miniaturize antenna system size in order to maintain a low profile. For
multi-antenna systems having more than one antenna within a single radome, there is a need to
increase capacity, coverage, and cell throughput.

[0005] The conventional use of multiple separate antennas to support multiple input
multiple output (MIMO) applications is not aesthetically pleasing at premises ceiling with
multiple protruded radomes. With the fast growing need of data streaming for the customer, the
number of antennas in the single radome can be more than two. With the current market trend
towards economical, small, and compact devices, it is not uncommon to use multiple antennas
that are placed in very close proximity to each other within a low profile radome to achieve good
omnidirectional radiation patterns to fufill the best performance of the MIMO system.

[0006] Moreover, antennas for CPE, terminal stations, central stations, or in-building
antenna systems, must usually be low profile, light in weight, and compact in physical volume,
which makes conventional planar inverted-F antennas particularly attractive for these types of
applications. These conventional planar inverted-F antennas consist of a radiating patch element,

a ground plane, a shorting element, and a feeding element.
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SUMMARY

[0007] This section provides a general summary of the disclosure, and is not a
comprehensive disclosure of its full scope or all of its features.

[0008] According to various aspects, exemplary embodiments of antennas are
disclosed. In an exemplary embodiment, an antenna includes an upper radiating patch element, a
ground plane spaced apart from the upper radiating patch element, a feed point positioned
adjacent the ground plane, a first feeding element electrically coupling (e.g., via proximity
coupling or direct galvanic coupling) the upper radiating patch element to the feed point, a
second feeding element electrically coupling (e.g., via proximity coupling or direct galvanic
coupling) the upper radiating patch element to the feed point, and a shorting element electrically
coupling (e.g., via proximity coupling or direct galvanic coupling) the upper radiating patch
element to the ground plane.

[0009] According to additional aspects of the present disclosure, exemplary
embodiments of antenna systems are disclosed. In an exemplary embodiment, an antenna system
includes a ground plane and four antennas. Each antenna includes an upper radiating patch
element spaced apart from the ground plane, a first feeding element electrically coupling (e.g.,
via capacitive coupling or direct galvanic coupling) the upper radiating patch element to a feed
point, a second feeding element electrically coupling (e.g., via proximity coupling or direct
galvanic coupling) the upper radiating patch element to the feed point, and a shorting element
electrically coupling (e.g., via proximity coupling or direct galvanic coupling) the upper
radiating patch element to the ground plane.

[0010] In another exemplary embodiment, an antenna system includes at least two
ground planes and at least two antennas. Each antenna includes an upper radiating patch element
spaced apart from one respective ground plane, a first feeding element electrically coupling (e.g.,
via proximity coupling or direct galvanic coupling) the upper radiating patch element to a feed
point, a second feeding element electrically coupling (e.g., via proximity coupling or direct
galvanic coupling) the upper radiating patch element to the feed point, and a shorting element
electrically coupling (e.g., via proximity coupling or direct galvanic coupling) the upper

radiating patch element to its respective ground plane.
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[0011]  Further areas of applicability will become apparent from the description
provided herein. The description and specific examples in this summary are intended for
purposes of illustration only and are not intended to limit the scope of the present disclosure.

DRAWINGS

[0012] The drawings described herein are for illustrative purposes only of selected
embodiments and not all possible implementations, and are not intended to limit the scope of the
present disclosure.

[0013] FIG. 1 is a perspective view of an antenna system or assembly according to an
exemplary embodiment;

[0014] FIG. 2 is a perspective view of the antenna system shown in FIG. 2 rotated
approximately 180 degrees about a vertical axis;

[0015] FIG. 3 is a front view of an exemplary radome for housing one or more
antennas according to exemplary embodiments;

[0016] FIG. 4 is an exemplary line graph illustrating return loss in decibels (dB)
versus frequency in gigahertz (GHz) simulated for the antenna system shown in FIGS. 1 and 2;

[0017] FIG. 5 illustrates radiation patterns (azimuth plane and elevation plane)
simulated for the antenna system shown in FIGS. 1 and 2 at frequencies of 698 MHz, 850 MHz,
960 MHz, 1710 MHz, 1850 MHz, and 2700 MHz;

[0018] FIG. 6 is top view of an antenna system or assembly including two antennas
and two ground planes according to exemplary embodiments;

[0019] FIGS. 7, 9 and 10 are enlarged perspective views of a portion of the
exemplary antenna system of FIG. 6;

[0020] FIG. 8 is a perspective view of the exemplary antenna system of FIG. 6;

[0021] FIG. 11 is an exemplary line graph illustrating return loss and isolation in
decibels (dB) versus frequency in gigahertz (GHz) simulated for the antenna system shown in
FIGS. 6-10;

[0022] FIG. 12 illustrates radiation patterns (azimuth plane and elevation plane)
simulated for the antenna assembly shown in FIGS. 6-10 at frequencies of 698 MHz, 850 MHz,
960 MHz, 1710 MHz, 1850 MHz, and 2700 MHz;

[0023] FIG. 13 is a perspective view of an antenna system or assembly including two

antennas and two ground planes according to exemplary embodiments;
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[0024] FIG. 14 is an enlarged perspective view of a portion of the exemplary antenna
system of FIG. 13;

[0025] FIG. 15 is a perspective view of an antenna system or assembly including two
antennas and two ground planes according to exemplary embodiments;

[0026] FIGS. 16 and 17 are enlarged perspective views of a portion of the exemplary
antenna system of FIG. 15;

[0027] FIG. 18 is a perspective view of an exemplary prototype of the antenna system
of FIG. 15;

[0028] FIGS. 19 and 20 are enlarged perspective views of a portion of the exemplary
prototype antenna system of FIG. 18;

[0029] FIGS. 21a-d are exemplary line graphs of PIM (in decibels relative to carrier
(dBc)) versus frequency (in MHz)) measured for ports 1 and 2 of the exemplary prototype
antenna system of FIG. 18;

[0030] FIG. 22 is a perspective view of an antenna system or assembly including two
antennas and two ground planes according to exemplary embodiments;

[0031] FIG. 23 is a perspective view of the exemplary antenna system of FIG. 22;

[0032] FIG. 24 is a side view of the exemplary antenna system of FIG. 22;

[0033] FIGS. 25-31 are enlarged perspective views of a portion of the exemplary
antenna system of FIG. 22;

[0034] FIG. 32 is a top view of an exemplary prototype of the antenna system of FIG.
22;

[0035] FIG. 33 is a perspective view of an exemplary radome for housing the
exemplary antenna system of FIG. 22;

[0036] FIG. 34 is an enlarged perspective view of a portion of the exemplary antenna
system of FIG. 22 and an example of improvement of the radiation pattern (Farfield Realized
Gain Abs (Theta = 90)) for the antenna system realized by adding the ground flap;

[0037] FIG. 35 is an exemplary line graph illustrating return loss and isolation in
decibels (dB) versus frequency in gigahertz (GHz) simulated for the antenna system shown in
FIG. 22;

[0038] FIG. 36 includes exemplary line graphs illustrating measured return loss (S11,

S22, and S21) in decibels versus frequency for the antenna assembly shown in FIG. 22;
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[0039] FIG. 37 illustrates radiation patterns (azimuth plane, Phi 0° plane, and Phi 90°
plane) measured for the antenna system shown in FIG. 22 at frequencies of 698 MHz, 725 MHz,
824 MHz, 880 MHz, §94 MHz, 960 MHz, 1710 MHz, 1730 MHz, 1850 MHz, 1930 MHz, 2130
MHz, 2170 MHz, 2310 MHz, and 2600 MHz;

[0040] FIGS. 38a through 38d are exemplary line graphs illustrating measured gain,
efficiency, Azimuth gain, and Azimuth ripple, respectively, for the antenna system shown in
FIG. 22;

[0041] FIG. 39 is a perspective view of an antenna system including four antennas
and one ground plane according to exemplary embodiments;

[0042] FIG. 40 is a perspective view of the exemplary antenna system of FIG. 39;

[0043] FIGS. 41-43 are enlarged perspective views of a portion of the exemplary
antenna system of FIG. 39;

[0044] FIG. 44 is a perspective view of the exemplary antenna system of FIG. 39 but
including an isolator patch according to exemplary embodiments;

[0045] FIG. 45 is a perspective view of the exemplary antenna system of FIG. 39 but
including isolator goal posts according to exemplary embodiments;

[0046] FIGS. 46a through 46d are exemplary line graphs illustrating VSWR versus
frequency measured for port 1, port 2, port 3, and port 4, respectively, of the exemplary antenna
system of FIGS. 39-43;

[0047] FIGS. 47a through 47f are exemplary line graphs illustrating isolation (in
decibels) versus frequency measured between the various ports of the exemplary antenna system
of FIGS. 39-43;

[0048] FIGS. 48a through 48h are exemplary line graphs of PIM (in decibels relative
to carrier (dBc)) versus frequency (in MHz)) measured for the various ports of the exemplary
antenna system of FIGS. 39-43; and

[0049] FIG. 49 illustrates radiation patterns (azimuth plane and elevation plane)
measured for the exemplary antenna system of FIGS. 39-43 at frequencies of 698 MHz, 824
MHz, 960 MHz, 1710 MHz, 1880 MHz, 2110 MHz, 2305 MHz, 2412 MHz, and 2700 MHz.
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DETAILED DESCRIPTION

[0050] Example embodiments will now be described more fully with reference to the
accompanying drawings.

[0051] The inventors hereof have recognized a need for relatively low profile antenna
systems that have low PIM (Passive Intermodulation) (e.g., able to qualify as a low PIM rated
design, efc.), good and/or improved bandwidth (e.g., meet the LTE/AG application bandwidth
from 698-960 MHz and from 1710-2700 MHz, etc.), good and/or improved isolation, and/or
provide good and/or improved voltage standing wave ratio (VSWR) margin at production.
Additionally, the low profile antenna systems may have design flexibility including one or more
modular concepts, allow for multiple antennas in a smaller footprint, provide good and/or
improved omnidirectional characteristics (e.g., compared to the height of the antenna(s), efc.)
including good and/or improved vertical polarization radiation patterns. Accordingly, disclosed
herein are exemplary embodiments of antennas and antenna systems including the same (e.g.,
100 (FIGS. 1 and 2), 600 (FIGS. 6-10), 1300 (FIGS. 13 and 14), 1500 (FIGS. 15-20), 2200
(FIGS. 22-31), 4200 (FIGS. 39-43), erc.) that include one or more of the above mentioned
features.

[0052] In exemplary embodiments, a low PIM design may be realized by reducing
galvanic metal-to-metal contact surface and minimizing (or at least reducing) soldering area,
along with good or improved bandwidth and isolation by introducing parasitic elements and a
unique isolator configuration. In some exemplary embodiments further explained below, a low
PIM design may be realized by employing, for example, one or more plastic rivets, nylon
screws/nut, efc., by employing proximity coupling between, for example, a shorting leg, a
radiating element, efc. and other portions of the antenna(s), efc. If galvanic contact cannot be
achieved by soldering or proximity coupling cannot be achieved, metal screws/nut can be
employed but with more care, e.g., with enough torque to provide sufficient compression contact.
Proximity coupling may help to minimize or reduce metal-to-metal contact to have good PIM
performance level. Direct galvanic coupling may be used when parts are able to be joined by
soldering or by having sufficient compression contact to achieve satisfactory PIM level. The low
PIM design also has the design flexibility and capability to accommodate both a pigtail

connector type and a fixed connector type with good and/or improved performance consistency.
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Disclosed exemplary embodiments have superior or increased bandwidth, improved isolation
without compromising overall bandwidth, and improved or low PIM.

[0053] According to aspects of the present disclosure, exemplary embodiments may
include one or more (or all) of the following features to realize or achieve low PIM and/or other
advantages disclosed herein. In an exemplary embodiment, the antenna system preferably does
not include any ferromagnetic material or ferromagnetic components including right plating that
could otherwise be a source of PIM. Instead, the radiating elements and ground plane disclosed
herein may instead be made of brass, aluminum, or other suitable non-ferromagnetic material.
The connectors and cable are preferably PIM rated components. If any ferromagnetic material is
used, the ferromagnetic material is preferably used away from or remote from (e.g., not adjacent)
to high current areas of the antenna system or assembly.

[0054] The radiating element grounding may be based on proximity couple
grounding by introducing dielectric adhesive tape (broadly, dielectric member) and/or another
suitable insulating material below the radiating elements to avoid direct galvanic contact between
the radiating elements and the ground plane. Additionally, one or more insulating materials may
be positioned between, e.g., a cable bracket (or the like) and the ground plane. See, for example,
FIGS. 15-20 in which an insulating material 1552 is aligned for positioning between the cable
bracket 1542 and the ground plane 1508.

[0055] Additionally, there may be relatively small areas for soldering the contacts of
the connector to the ground plane. Accordingly, the connector may be connected or grounded to
the ground plane with a relatively small area soldering contact.

[0056] A dielectric member may be positioned between an upper surface of a
connector and the ground plane to electrically insulate and minimize (or at least reduce) direct
galvanic contact between the connector’s upper surface and the ground plane.

[0057]  Further, the ground plane may include an integrally formed (e.g., stamped,
etc.) feature for soldering a cable braid. This feature provides minimum (or at least reduced)
direct galvanic contact surface between the cable braid and the ground plane as only the cross
section of the integrally formed feature contacts the ground plane. Advantageously, this helps to
prevent (or at least reduce) inconsistency in the contact between the cable braid and the ground
plane. See, for example, FIG. 2 in which a feature 142 (e.g., a cable holder or the like) has been

directly formed (e.g., stamped, efc.) from the ground plane 104. In other exemplary
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embodiments, a cable bracket that is proximity coupled to the ground plane (e.g., via an
insulating material, efc.) may be employed (see, e.g., FIGS. 15-20).

[0058] According to further aspects of the present disclosure, exemplary
embodiments may include one or more features to realize or achieve good and/or improved
isolation. In an exemplary embodiment, an isolator is added between two radiating elements
thereby improving isolation at low band by increasing the ground surface electrically. See, for
example, FIGS. 39 and 40 in which a T-shaped isolator 4230 extends outwardly from the ground
plane 4202 and increases the ground surface electrically. The improved isolation allows more
antenna radiating elements to be positioned in the same volume of space or allows a smaller
overall antenna assembly to be used for the same number of antenna radiating elements (e.g., for
an end use where space is limited or compactness is desired, efc.).

[0059] FIGS. 1 and 2 illustrate an exemplary embodiment of an antenna system or
assembly embodying one or more aspects of the present disclosure. As disclosed herein, the
antenna system is configured so as to have low PIM as well as good bandwidth and isolation.

[0060] In particular, the antenna system includes an antenna 100 operable over or
with frequencies, such as frequencies within the LTE/4G bands (e.g. from about 698 MHz to
about 960 MHz and from about 1710 MHz to about 2700 MHz). For example, the antenna 100
may be operable within a first frequency range from about 698 MHz to about 960 MHz and a
second frequency range from about 1710 MHz to about 2700 MHz. Or, for example, the antenna
100 may be operable across a single wide frequency range from about 698 MHz to about 2700
MHz.

[0061] The antenna 100 includes an upper radiating patch element 102, a ground
plane 104 spaced apart from the upper radiating patch element 102, a feed point 106 positioned
adjacent the ground plane 104, two feeding elements 108, 110 electrically coupling (e.g., via
proximity coupling or direct galvanic coupling) the upper radiating patch element 102 to the feed
point 106, and a shorting element 112 electrically coupling (e.g., via proximity coupling or direct
galvanic coupling) the upper radiating patch element 102 to the ground plane 104. The antenna
system may be referred to as a single port antenna.

[0062] In this example, the upper radiating patch element 102 (or more broadly, an
upper radiating surface or radiator) is positioned substantially in the center of the ground plane

104. Such configurations may allow the antenna 100 to have desirable radiation patterns for
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frequencies within one or more bands (e.g., LTE/4G bands from 698 MHz to 960 MHz and from
1710 MHz to 2700 MHz, efc.), provide omnidirectional characteristics, efc. as explained above.
Alternatively, the upper radiating patch element 102 may be positioned in another suitable
location (e.g., oft-center, etc.) relative to the ground plane 104 if desired.

[0063] The ground plane 104 includes a main portion 114, a stub 116, stamped
recesses 140 and portions 141, and one or more flaps 118 (sometimes referred to as a ground
flap). The stub 116, the portions 141, and the flaps 118 extend from the main portion 114. The
stamped recesses 140 and portions 141 may allow the ground plane 104 to couple (e.g., via
plastic posts, efc.) to a substrate (e.g., a base of a radome, efc.) via a snap pin or the like as
further explained below. The flaps 118 may assist in impedance matching, introduce capacitance
to the feeding elements 108, 110, efc. The stub 116 may make the ground plane 104 appear
electrically larger (e.g., while not substantially physically increasing the overall size of the
ground plane 104, efc.), improve impedance matching (e.g., for the low band, etc.), improve
radiation pattern(s), etc.

[0064] As shown in FIGS. 1 and 2, the main portion 114 of the ground plane 104 and
the stub 116 are not co-planar. For example, the stub 116 is in a plane elevated from a plane
including the main portion 114. Such elevation may prevent loading (and/or other undesirable
effects) from a base plate 120 or the like that is coupled to the ground plane 104. In this
exemplary embodiment, the stub 116 may be about five millimeters (mm) above the main
portion 114 of the ground plane 104. Alternatively, the stub 116 may be another suitable distance
above the main portion 114.

[0065] Additionally, the stub 116 may include one or more portions which are not co-
planar. For example, and as shown in FIGS. 1 and 2, the stub 116 includes a portion 122
extending substantially perpendicular from a main portion of the stub 116. This feature may
allow the size (e.g., the surface area) of the ground plane 104 to be reduced, and thus also allow
for a reduction in the size of the antenna 100 and/or the antenna system.

[0066] In the exemplary embodiment of FIGS. 1 and 2, the main portion 114 of the
ground plane 104 is substantially sector shaped (e.g., 120 degree circular sector, efc.). For
example, the main portion 114 may have a geometric figure bounded by two radii (e.g., side

edges of the main portion 114) and an arc (e.g., the circular edge extending between the side
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edges). The sector shaped ground plane 104 may enable the antenna 100 to have desirable
omnidirectional radiation patterns for both the low and high bands.

[0067] In the some examples, the ground plane 104 may include portions bent,
deformed, efc. For example, the ground plane 104 of FIGS. 1 and 2 includes a bent portion 124
adjacent the rounded or circular edge of the ground plane 104. This feature may, for example,
improve impedance matching in the high band, improve the radiation pattern in the high band,
etc.

[0068] The feeding elements 108, 110 of FIGS. 1 and 2 include tapering and/or
inwardly slanted side edges 134 along opposite side portions of the feeding elements. Thus, the
side edges 134 of each feeding element 108, 110 may be slanted or angled inwardly towards
each other. Stated differently, the edges 134 may be slanted or angled inwardly toward each
other in a direction from the radiating patch element 102 downward towards the ground plane
104 causing the width of the respective feeding element 108, 110 to decrease due to the tapering
features or inwardly angled slanted edges 134. Accordingly, and in such examples, the upper
portion of each feeding element 108, 110 adjacent and connected to the radiating patch element
102 has a width larger than a width at a lower portion of each feeding element 108, 110 adjacent
to the ground plane 104. In alternative embodiments, the feeding elements 108 and/or 110 may
include only one or no tapering and/or slanted features.

[0069] Additionally, each feeding element 108, 110 may extend from the radiating
patch element 102 at angle such that the distance between the upper portion of each feeding
element 108, 110 is larger than the distance between the lower portion of each feeding element
108, 110. In particular, the feeding elements 108, 110 are angled, slanted, efc. such that the lower
portion of each feeding element 108, 110 connects to the feed point 106. As such, the feeding
element 108, 110 are not co-planar with each other. Thus, the feeding elements 108, 110 with the
tapering, slanted, angled, efc. features as explained above may be configured for impedance
matching purposes that broaden antenna bandwidth, such that the antenna 100 is operable in the
at least two frequency bands as explained above.

[0070] Further, each feeding element 108, 110 may be adjacent and connected to an
edge of the radiating patch element 102. In particular, the upper portion of each feeding element
108, 110 may be adjacent and connected to an edge of a portion 126 (as further explained below)

of the radiating patch element 102. This feature may result in a more desirable omnidirectional
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radiation pattern for the high band, a more desirable impedance match for the high band (e.g., if
part of the radiating patch element 102 is outside the ground plane 104), etc.

[0071] In the exemplary embodiment of FIGS. 1 and 2, the upper radiating patch
element 102 includes a portion 126 and another portion 128 (sometimes referred to as a wing
patch or a top patch) extending from the portion 126. In particular, the portion 128 extends in a
slanted relationship (e.g., at an obtuse angle, efc.) relative to the portion 126. As a result, the
portions 126, 128 are not co-planar or parallel. These features may assist in providing sufficient
length for the radiating patch element 102.

[0072] The wing patch 128 includes edges 130, 132 on opposing sides of the patch
128 that defines a width of the patch 128. As shown in FIGS. 1 and 2, the width between the
edges 130, 132 tapers or varies (e.g., increases or widens, efc.) as the patch 128 extends away
from the portion 126. Thus, the patch 128 may be considered a tapering wing patch.

[0073] The wing patch 128 includes shorting leg portions which define a recess. The
recess may be formed by stamping, bending, deforming, efc. a portion of the wing patch 128.
This particular portion may be utilized as or define the shorting element 112. Such
configurations may be more cost effective as compared to employing a separate piece of material
for the shorting element 112. Alternatively, the shorting element 112 may be separately formed
and positioned between the radiating patch element 102 and the ground plane 104.

[0074] The shorting element 112 extends from the portion 128 of the radiating patch
element 102 and couples to the ground plane 104 via a shorting tab 136. For example, and as
shown in FIGS. 1 and 2, the shorting tab 136 may be integrally formed with the ground plane
104 and then bent upwards away from the ground plane 104 (e.g., stamped and bent tab, etc.). In
other exemplary embodiments, the shorting tab 136 may be separately formed from the ground
plane 104.

[0075] The shorting tab 136 may be coupled to an electrically insulating material
such that the shorting element 112 is proximity coupled to the ground plane 104. In some
exemplary embodiments, the shorting tab 136 may be coupled to the ground plane 104 and/or the
shorting element 112 via adhesive or the like. Alternatively and as further explained below, the
shorting tab 136 may be coupled to the ground plane 104 and/or the shorting element 112 via a
plastic rivet and/or another suitable dielectric or electrically insulating fastener. Such

configurations may enable a low PIM design as explained above.
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[0076] Because the shorting tab 136 extends from the ground plane 104, the coupling
between the shorting tab 136 and the shorting element 112 is in the vertical plane (e.g.,
perpendicular to the ground plane 104). Put another way, the shorting element 112 and the
shorting tab 136 are coupled together above the main portion 114 of the ground plane 104. By
doing so, fasteners (e.g., a plastic rivet, efc.) as explained above may be employed to couple the
shorting tab 136 and the shorting element 112 without adding height to the antenna 100.

[0077] As shown in FIGS. 1 and 2, the ground plane 104 includes an integrally
formed feature 142 (e.g., stamped and bent tabs, efc.) for soldering a cable braid 138. This
feature provides minimum (or at least reduced) direct galvanic contact surface between the cable
braid 138 and the ground plane 104 as only the cross section of the integrally formed feature
contacts the ground plane 104. Advantageously, this helps to prevent (or at least reduce) any
inconsistency in the contact between the cable braid 138 and the ground plane 104. In this
exemplary embodiment, the ground plane 104 includes first and second pairs of stamped and
bent tabs that are at an acute angle (e.g., 30 degrees, efc.) relative to the ground plane 104.

[0078] FIG. 3 illustrates an example radome 300 for housing the antenna 100 of
FIGS. 1 and 2 and/or another suitable antenna system (e.g., any one or more of the antenna
systems disclosed herein). The radome 300 includes a circular base 302 having a diameter of
about 210 millimeters (mm) and a cover 304 extending about 49 mm from the circular base.

[0079] As shown in FIG. 3, the radome 300 includes a connector 306 for connecting
the radome 300 (e.g., including the antenna 100) to another component. The connector 306 may
extend from the base 302 a distance of about 50 mm. As shown in FIG. 3, coaxial cable(s) or the
like may pass through the connector 306 and connect (e.g., via solder, efc.) to the antenna 100 as
explained above.

[0080] FIGS. 4 and 5 provide analysis results for a simulated design of the antenna
100 shown in FIGS. 1 and 2. These analysis results shown in FIGS. 4 and 5 are provided only for
purposes of illustration and not for purposes of limitation.

[0081] More specifically, FIG. 4 is an exemplary line graph illustrating S-parameter
return loss in decibels (dB) versus frequency in gigahertz (GHz) simulated for the antenna 100.
Generally, FIG. 4 shows that the antenna 100 is operable with relatively good/acceptable return
loss and bandwidths for LTE/4G bands (e.g. about 698 MHz to about 960 MHz and about 1710
MHz to about 2700 MHz).
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[0082] FIG. 5 illustrates various radiation patterns for the simulated design of the
antenna 100. More specifically, FIG. 5 illustrates absolute (abs), horizontal, and vertical
radiation patterns for the azimuth plane (on the left) and elevation plane (zero degree) (on the
right) at frequencies of 698 MHz, 850 MHz, 960 MHz, 1710 MHz, 1850 MHz, and 2700 MHz.

[0083] FIGS. 6-10 illustrate an exemplary embodiment of an antenna system or
assembly 600 embodying one or more aspects of the present disclosure. As disclosed herein, the
antenna system 600 is configured so as to have low PIM as well as good bandwidth and
isolation. The antenna system 600 is operable within a first frequency range from about 698
MHz to about 960 MHz and a second frequency range from about 1710 MHz to about 2700
MHz. Or, for example, the antenna system 600 may be operable within a wide frequency range
from about 698 MHz to about 2700 MHz. The antenna system 600 may be referred to as a dual
port antenna.

[0084] The antenna system 600 includes two antennas 602, 604 substantially similar
to the antenna 100 described above and shown in FIGS. 1 and 2. For example, each antenna 602,
604 includes substantially the same feeding elements, radiating patch elements, ground plane
(except the stub as further explained below), efc. as the antenna 100. The antennas 602, 604,
however, include various plastic rivets, pins, efc. for connecting various components (e.g.,
feeding elements, a radiating patch element, efc.) together. For example, each antenna 602, 604
includes multiple plastic rivets 606 for coupling feeding elements to a radiating patch element
and multiple snap pins 608 for bracing, supporting, coupling efc. the radiating patch element, a
ground plane, efc. to a substrate (e.g., a base of the radome 300, another suitable radome or the
like, efc.). In particular, one or more snap pins 608 may be secured in one or more spacers 610
extending from the substrate to the radiating patch element, the ground plane, efc. In some
exemplary embodiments, the spacers 610 may be direct molded from the substrate. By
employing such rivets, pins, efc., a low PIM design may be realized by reducing the galvanic
metal-to-metal contact surface and minimizing (or at least reducing) soldering area as explained
above.

[0085] Additionally, each antenna 602, 604 includes a ground plane having a main
portion 614 and a stub 616 extending from the main portion 614. The main portion 614 and the
stub 616 of the ground planes of FIGS. 6-10 are substantially similar to the main portion 114 and
the stub 116 of antenna 100 described above and shown in FIGS. 1 and 2. The stub 616,
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however, does not include an additional portion extending perpendicular from its end portion as
the stub 116 does.

[0086] In this exemplary embodiment, the antennas 602, 604 are identical. For
example, each antenna 602, 604 includes similar feeding elements, radiating patch elements,
ground planes, efc. As shown best in FIG. 6, one of the antennas (e.g., 602) is rotated 180
degrees relative to other antenna (e.g., 604). Such configuration allows the antennas 602, 604 to
be positioned adjacent the edge of, e.g., a radome and therefore may provide sufficient isolation
therebetween.

[0087] FIGS. 11 and 12 provide analysis results for a simulated design of the antenna
assembly 600 shown in FIGS. 6-10. These analysis results shown in FIGS. 11 and 12 are
provided only for purposes of illustration and not for purposes of limitation.

[0088] More specifically, FIG. 11 is an exemplary line graph illustrating S-parameter
return loss (represented by line 1102) and isolation (represented by line 1104) between the
antennas 602, 604 in decibels (dB) versus frequency in gigahertz (GHz) simulated for the
antenna assembly 600. As shown, the antenna assembly 600 is operable with relatively
good/acceptable return loss and bandwidths as well as relatively acceptable isolation between the
antennas 602, 604 for LTE/4G bands (e.g. about 698 MHz to about 960 MHz and about 1710
MHz to about 2700 MHz). FIG. 12 illustrates various radiation patterns for the same simulated
design of the antenna assembly 600. More specifically, FIG. 12 illustrates absolute (abs),
horizontal, and vertical radiation patterns for the azimuth plane (on the left) and elevation plane
(zero degree) (on the right) at frequencies of 698 MHz, 850 MHz, 960 MHz, 1710 MHz, 1850
MHz, and 2700 MHz.

[0089] FIGS. 13 and 14 illustrate another exemplary embodiment of an antenna
system or assembly 1300 embodying one or more aspects of the present disclosure. As disclosed
herein, the antenna system 1300 is configured to have low PIM, good bandwidth and isolation.
The antenna system 1300 may be operable within a first frequency range of about 698 MHz to
about 960 MHz and a second frequency range of about 1710 MHz to about 2700 MHz. Or, for
example, the antenna system 1300 may be operable within a wide frequency range from about
698 MHz to about 2700 MHz. The antenna system 1300 may be referred to as a dual port

antenna.
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[0090] The antenna system 1300 includes two antennas 1302, 1304 substantially
similar to the antenna 100 described above and shown in FIGS. 1 and 2. But as shown in FIGS.
13 and 14, the antennas 1302, 1304 are supported by one or more snap pins 1306 and spacers
1308, coupled to a substrate (e.g., a base of the radome 300, another suitable radome or the like,
etc.) via the snap pins 1306 and spacers 1308, efc. The snap pins 1306 and spacers 1308 are
substantially similar to the snap pins 608 and spacers 610 described above and shown in FIGS.
6-10.

[0091] Additionally, each antenna 1302, 1304 includes a radiating patch element
1310 having a wing patch 1312. Each wing patch 1312 includes shorting leg portions defining a
recess similar to the recess of the wing patch 128 of FIGS. 1 and 2. But as shown in FIGS. 13
and 14, the recess of the wing patch 1312 is smaller in area than the recess of the wing patch 128
of FIGS. 1 and 2.

[0092] Further, in this exemplary embodiment, each antenna 1302, 1304 includes a
ground plane 1314 having ground flaps 1318 and stamped recesses and portions 1340, 1341
similar to the ground plane 104, ground flaps 118, and stamped recesses and portions 140, 141 of
FIGS. 1 and 2. But the ground flaps 1318 of FIGS. 13 and 14 are shaped differently than the
ground flaps 118 of FIGS. 1 and 2. In particular, the ground flaps 1318 are semicircular shaped
as opposed to the rectangular shaped ground flaps 118 of FIGS. 1 and 2. Additionally, the
stamped recesses and portions 1340, 1341 of FIGS. 13 and 14 are positioned in different
locations and/or are oriented different than the stamped recesses and portions 140, 141 of FIGS.
I and 2.

[0093] Similar to the antennas 602, 604 of FIGS. 6-10, the antennas 1302, 1304 of
FIGS. 13 and 14 are identical. Additionally, one of the antennas (e.g., 1302) is rotated 180
degrees relative to other antenna (e.g., 1304) so that the antennas 1302, 1304 can be positioned
adjacent the edge of a radome (or the like). This may maximize the space between the antennas
1302, 1304 and thus provide sufficient isolation therebetween as explained above.

[0094] FIGS. 15-17 illustrate another exemplary embodiment of an antenna system or
assembly 1500 embodying one or more aspects of the present disclosure. FIGS. 18-20 illustrate
an example prototype of the antenna system 1500. As disclosed herein, the antenna system 1500
is configured to have low PIM, good bandwidth and isolation. The antenna system 1500 may be

operable within a first frequency range of about 698 MHz to about 960 MHz and a second
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frequency range of about 1710 MHz to about 2700 MHz. Or, for example, the antenna system
1500 may be operable within a wide frequency range from about 698 MHz to about 2700 MHz.
The antenna system 1500 may be referred to as a dual port antenna.

[0095] The antenna system 1500 includes two identical antennas 1502, 1504. Each
antenna 1502, 1504 includes an upper radiating patch element 1506, a ground plane 1508 spaced
apart from the upper radiating patch element 1506, dual feeding elements 1510, 1512 electrically
coupling (e.g., via proximity coupling or direct galvanic coupling) the upper radiating patch
element 102 to a feed point, and a shorting element 1514 electrically coupling (e.g., via
proximity coupling or direct galvanic coupling) the radiating patch element 1506 to the ground
plane 1508. The dual feeding elements 1510, 1512 of each antenna 1502, 1504 are substantially
similar to the feeding elements 108, 110 of FIGS. 1 and 2. Additionally, each radiating patch
element 1506 is positioned substantially in the center of its respective ground plane 1508 as
explained above. Alternatively, each radiating patch element 1506 may be positioned in another
suitable location (e.g., off-center, efc.) relative to its the respective ground plane 1508 if desired.

[0096] The ground plane 1508 includes a main portion 1516, an ancillary portion
1518 adjacent the main portion 1516, a stub 1520 extending from the ancillary portion 1518, and
stamped recesses and portions 1541 extending from the main portion 1516. The main portion
1516 and the ancillary portion 1518 are both substantially sector shaped as explained above with
reference to FIGS. 1 and 2. The added ancillary portion 1518 may improve the PIM performance
of each antenna 1502, 1504 by increasing the area in which current may be distributed. The
stamped recesses and portions 1541 may allow the ground plane 1508 to couple to a substrate
(e.g., a base of a radome) via a snap pin or the like as explained above. The stub 1520 includes
the same characteristics and features as explained above with reference with reference to FIGS. 1
and 2.

[0097] As shown in FIG. 15, the main portion 1516, the ancillary portion 1518, and
the stub 1520 of the each ground plane 1508 are not co-planar. For example, the ancillary portion
1518 and the stub 1520 are in a plane elevated from a plane including the main portion 1516.
Such elevation may prevent loading (and/or other undesirable effects) from a base plate or the
like that is coupled to the ground plane 1508 as explained above. Additionally, the stub 1520
extends from the ancillary portion 1518 such that its main surface 1524 is in a plane

perpendicular to the main portion 1516 and the ancillary portion 1518 of the ground plane 1508.
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[0098] Additionally, the stub 1520 may include one or more portions which are not
co-planar. For example, and as shown in FIGS. 15 and 16, the stub 1520 includes a portion 1526
extending substantially perpendicular from a main surface 1524 of the stub 1520. This feature
may reduce the size (e.g., the surface area) of the ground plane 1508 and thus the size of the
antennas as explained above.

[0099] In the exemplary embodiment of FIGS. 15-17, the radiating patch element
1506 includes a portion 1528 and another portion 1530 (sometimes referred to as a wing patch or
a top patch) similar to the portions 126, 128 of radiating patch element 102 of FIGS. 1 and 2. For
example, each wing patch 1530 extends in a slanted relationship relative to the portion 1528. But
each wing patch 1530 does not widen, increase in width, or taper similar to the portion 128
explained above with reference to FIGS. 1 and 2. Additionally, the radiating patch element 1506
has an increased surface area as compared to the radiating patch element 102 of FIGS. 1 and 2.
This increased surface area may improve the radiation patterns of the antennas 1502, 1504.

[00100] Each portion 1528 of the radiating patch element 1506 may be configured for
forming multiple frequencies (e.g., frequencies from 698 MHz to 960 MHz and from 1710 MHz
to 2700 MHz, frequencies from 698 MHz to 2700 MHz, efc.), for frequency tuning at the high
band, efc. A slot 1532 may be configured such that its respective antenna 1502, 1504 has visual
to the feed to ease soldering to the feed. Each slot 1532 is an absence of electrically-conductive
material in the radiating patch element 1506. For example, the radiating patch element 1506 may
be initially formed with the slot 1532, or the slot 1532 may be formed by removing electrically-
conductive material from the radiating patch element 1506, such as etching, cutting, stamping,
etc. In still yet other embodiments, the slot 1532 may be formed by an electrically nonconductive
or dielectric material, which is added to the upper radiating patch element 1506 such as by
printing, efc.

[00101] In this illustrated exemplary embodiment, the slot 1532 is generally
trapezoidal and divides the radiating patch element 1506. Alternatively, the slot 1532 may have
any other suitable shape, for example, round, a square, and/or a non-linear shape, efc., without
departing from the scope of this disclosure.

[00102] The wing patch 1530 includes shorting leg portions which define one or more
recesses. For example, and as explained above, one of the recesses may be formed by bending,

deforming, efc. a portion of the wing patch 1530. This particular portion may be utilized as or
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define the shorting element 1514 as explained above. Another recess may be adjacent a corner of
one of the leg portions. This recess may be formed by stamping and then removing a portion of
the wing patch 1530.

[00103] The shorting element 1514 extends from the radiating patch element 1506 and
couples to the ground plane 1508 via a tab 1534 and a dielectric member 1536 or the like (e.g.,
adhesive tape, efc.). As explained above, and as shown in FIGS. 15-17, the tab 1534 may be
integrally formed with the shorting element 1514. In other exemplary embodiments, the tab 1534
may be separately formed.

[00104] The tab 1534 is coupled to, in contact with, efc. the dielectric member 1536
such that the shorting element 1514 is proximity coupled to the ground plane 1508. For example,
each tab 1534 of FIGS. 15-17 is secured to its respective dielectric member 1536 via plastic clips
1538 (sometimes referred to as a plastic catch).

[00105] As shown in FIGS. 15 and 17, each antenna 1502, 1504 includes a cable
bracket 1542 for assisting in coupling (e.g., soldering, efc.) a cable feed 1540 to the dual feeding
elements 1510, 1512 and the ground plane 1508. The cable bracket 1542 may be formed of brass
(e.g., if the ground plane 1508 is formed of aluminum, efc.) or another suitable material
including, for example, a non-ferromagnetic material.

[00106] The cable bracket 1542 may be coupled to the ground plane 1508 via
fasteners. For example, one or more plastic rivets, efc. may be employed to couple the cable
bracket 1542 to the ground plane 1508.

[00107] The cable bracket 1542 may be electrically insulated from the ground plane
1508 as explained above. For example, a dielectric member 1552 or the like may be positioned
between the cable bracket 1542 and the ground plane 1508. Thus, the cable bracket 1542 and the
ground plane 1508 are separate components. Alternatively, the cable bracket 1542 can be
integrally formed, incorporated into, efc. the ground plane 1508 (e.g., similar to the feature 142
of FIGS. 1 and 2).

[00108] In this exemplary embodiment, the cable bracket 1542 includes multiple
integrally formed (e.g., stamped and bent tabs, etc.) features. For example, the cable bracket
1542 includes feature 1548 for soldering a cable braid of the cable feed 1540 as explained above
with reference to FIGS. 1 and 2. As such, two soldering points are needed for this example and

therefore a low PIM design may be realized. Additionally, the cable bracket 1542 includes
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multiple parasitic tabs 1544 for impedance matching (e.g., for the high band). One of the
parasitic tabs 1544 may define a slot or a recess 1546 to provide access for tools (e.g., a solder
iron, etc.). Although the cable bracket 1542 of FIGS. 15-17 includes three parasitic tabs 1544,
more or less parasitic tabs may be employed.

[00109] Additionally, and as generally shown in FIGS. 15-17, the cable feed 1540
traversing from, e.g., a base of a radome to the cable bracket 1542 is substantially straight. Such
a feature may be accomplished by the orientation and alignment of the cable bracket 1542 and
one or more clips 1550. The cable straightness to the center helps to ensure low PIM
performance. For example, if the cable is bent and routed more than a certain angle, the PIM
level will increase substantially.

[00110] One or more components of each antenna 1502, 1504 may be integrally
formed from a single piece of material. For example, and as shown in FIGS. 15-17, portions of
the ground plane 1508 may be stamped and bent in a desirable direction to form the above
described features (e.g., the of the ancillary portion 1518, the stub 1520, and the stamped
recesses and portions 1541, erc.) of the ground plane 1508. Alternatively, such features and/or
other features of the ground plane 1508 may be formed separately.

[00111] FIGS. 21a-d provide analysis results measured for the prototype of the
antenna system 1500 shown in FIGS. 18-20. These analysis results shown in FIG. 21 are
provided only for purposes of illustration and not for purposes of limitation.

[00112] More specifically, FIGS. 21a and 21b are exemplary line graphs of passive
intermodulation (PIM) versus frequency in MHz measured for port 1. Similarly, FIGS. 21c and
21d are exemplary line graphs of PIM versus frequency in MHz measured for port 2. As shown,
the antenna system 1500 has low PIM performance (e.g., less than -153 dBc, efc.) at both a low
band (FIGS. 21a and 21c) and a high band (FIGS. 21b and 21d). For example, the antenna
system 1500 may preferably have a low PIM of -153 dBc or less at low and high bands.

[00113] FIGS. 22-31 illustrate yet another exemplary embodiment of an antenna
system or assembly 2200 embodying one or more aspects of the present disclosure. FIG. 32
illustrates an example prototype of the antenna system 2200. As disclosed herein, the antenna
system 2200 is configured to have low PIM, good bandwidth and isolation, and be operable
within one or more frequency ranges. For example, the antenna system 2200 may be operable

within a first frequency range of about 698 MHz to about 960 MHz and a second frequency
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range of about 1710 MHz to about 2700 MHz. Or, for example, the antenna system 2200 may be
operable within a wide frequency range from about 698 MHz to about 2700 MHz. The antenna
system 2200 may be referred to as a dual port antenna.

[00114] The antenna system 2200 includes two identical antennas 2202, 2204 similar
to the antennas 1502, 1504 of the antenna system 1500 of FIGS. 15-20. For example, and shown
in FIG. 22, each antenna 2202, 2204 includes a ground plane 2208 having the main portion 1516
and the ancillary portion 1518 (as also shown in FIG. 15) as well as a stub 2210 extending the
ancillary portion 1518. Similar to the stub 1520 of FIG. 15, the stub 2210 of FIG. 22 includes a
portion 2212 extending substantially perpendicular from a main surface of the stub 2210.

[00115] Additionally, and as shown in FIG. 22, each antenna 2202, 2204 includes a
radiating patch element 2206 having the portion 1528 (as also shown in FIG. 15) and another
portion 2216 (sometimes referred to as a wing patch or a top patch). The portion 2216 is similar
to the wing patch 1530 of FIG. 15.

[00116] Further, each ground plane 2208 also includes stamped recesses and portions
(e.g., stamped recesses and portions 2220) similar to the stamped recesses and portions 1541 of
FIG. 15. As shown in FIG. 22, the portion 2220 extends upwardly away from the main portion
1516 (e.g., perpendicular to the main portion 1516) and then is angled to extend in a plane
parallel to the main portion 1516.

[00117] FIG. 33 illustrate another exemplary embodiment of an antenna system or
assembly 3600 embodying one or more aspects of the present disclosure. The antenna system
3600 includes the radome 300 of FIG. 3 for housing the antenna system 2200 of FIGS. 22-31.

[00118] FIG. 34 illustrates the antenna system 1500 or 2200 and an example radiation
pattern (Farfield Realized Gain Abs (Theta = 90)) for the antenna system 2200. As shown in the
example radiation pattern, the stamped recesses and portions (also referred to as ground flaps)
improve the radiation pattern. In particular, the stamped recesses and portions improve the
radiation pattern from about 150 degrees to about 180 degrees.

[00119] FIGS. 35-38 provide analysis results for a simulated design of the antenna
assembly 2200 shown in FIGS. 22-31. These analysis results shown in FIGS. 35-38 are provided
only for purposes of illustration and not for purposes of limitation.

[00120] More specifically, FIG. 35 is an exemplary line graph illustrating simulated

return loss (represented by line 3802) and isolation (represented by line 3804) between the
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antennas 2202, 2204 in decibels (dB) versus frequency in gigahertz (GHz) for the antenna
assembly 2200. As shown, the antenna assembly 2200 is operable with relatively
good/acceptable return loss and bandwidths as well as good/acceptable isolation between the
antennas 2202, 2204 for LTE/4G bands (e.g. from about 698 MHz to about 2700 MHz). For
example, isolation of the antenna system 2200 meets a 15dB spec with the low band edge having
isolation of better than 20 dB.

[00121] FIG. 36 is an exemplary line graph illustrating measured return loss for two
ports and isolation between the antennas 2202, 2204 in decibels (dB) versus frequency in
gigahertz (GHz) for the antenna assembly 2200.

[00122] FIG. 37 illustrates various measured radiation patterns for the antenna
assembly 2200. More specifically, FIG. 37 illustrates radiation patterns (port 1, port 2) for the
azimuth plane (on the left), the Phi 0° plane (in the middle), and the Phi 90° plane (on the right)
at frequencies of 698 MHz, 725 MHz, §24 MHz, 880 MHz, 8§94 MHz, 960 MHz, 1710 MHz,
1730 MHz, 1850 MHz, 1930 MHz, 2130 MHz, 2170 MHz, 2310 MHz, and 2600 MHz.

[00123] FIGS. 38a through 38d are exemplary line graphs illustrating measured 3D
max gain, total efficiency, Azimuth gain, and Azimuth ripple for the antenna assembly 2200.
More specifically, FIG. 38a illustrates the 3D max gain (dB) of each antenna 2202, 2204 versus
frequency. FIG. 38b illustrates the total efficiency of each antenna 2202, 2204 versus frequency.
FIG. 38c illustrates the Azimuth gain of each antenna 2202, 2204 versus frequency. FIG. 38d
illustrates the Azimuth ripple of each antenna 2202, 2204 versus frequency.

[00124] FIGS. 39-43 illustrate another exemplary embodiment of an antenna system or
assembly 4200 embodying one or more aspects of the present disclosure. As disclosed herein, the
antenna system 4200 is configured to have low PIM, good bandwidth and isolation, and be
operable within one or more frequency bands. For example, the antenna system 4200 may be
operable within a first frequency range of about 698 MHz to about 960 MHz and a second
frequency range of about 1710 MHz to about 2700 MHz. Or, for example, the antenna system
4200 may be operable within a wide frequency range from about 698 MHz to about 2700 MHz.
The antenna system 4200 may be referred to as a four port antenna.

[00125] The antenna system 4200 includes a ground plane 4202 and four identical
antennas 4204. Each antenna 4204 includes an upper radiating patch element 4206 spaced apart
from the ground plane 4202, two feeding elements 4208, 4210 electrically coupling (e.g., via
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proximity coupling or direct galvanic coupling) the upper radiating patch element 4206 to a feed
point, and a shorting element 4212 electrically coupling (e.g., via proximity coupling or direct
galvanic coupling) the upper radiating patch element 4206 to the ground plane 4202. The dual
feeding elements 4208, 4210 of each antenna 4204 are substantially similar to the feeding
elements 108, 110 of FIGS. 1 and 2.

[00126] In this exemplary embodiment, the ground plane 4202 is substantially circular
and defines an edge (e.g., the circumference of the circular ground plane). As shown in FIGS. 39
and 40, each antenna 4204 is positioned adjacent the edge of the ground plane 4202. This may
improve the omnidirectional radiation characteristics of the antenna system 4200. For example,
positioning each antenna 4204 adjacent the edge of the ground plane 4202 may improve
omnidirectional radiation characteristics at the high band, provide desirable impedance matching
of the low band, efc.

[00127] Each radiating patch element 4206 may be coupled to its respective feeding
elements 4208, 4210 via a dielectric member 4228 (see, e.g., FIG. 41) or the like (e.g., adhesive
tape, efc.) such that the feeding elements 4208, 4210 are proximity coupled to the radiating patch
element 4206. Alternatively, each radiating patch element 4206 may have direct galvanic contact
with its respective feeding elements 4208, 4210.

[00128] Each radiating patch element 4206 includes a portion 4214 and another
portion 4216 (sometimes referred to as a wing patch or a top patch) similar to the portions 126,
128 of radiating patch element 102 of FIGS. 1 and 2. For example, each wing patch 4216 extends
in a slanted relationship relative to the portion 4214 and therefore the wing patch 4216 and the
portion 4214 are not co-planar. Additionally, the wing patch 4216 tapers in a similar manner as
the portion 128 explained above. Alternatively, the radiating patch element 4206 may not include
a slanted portion (e.g., substantially flat) and/or tapered portions if desired.

[00129] The wing patch 4216 includes shorting leg portions, which define a recess.
For example, and as explained above, this recess may be formed by bending, deforming, efc. a
portion of the wing patch 4216. This particular portion may be utilized as or define the shorting
element 4212 as explained above.

[00130] The shorting element 4212 extends from the radiating patch element 4206 and
couples to the ground plane 4202 via a tab 4218. In this exemplary embodiment, the tab 4218 is
coupled to, in contact with, etc. a dielectric member 4220 (see, e.g., FIG. 41) or the like (e.g.,
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adhesive tape, efc.) such that the shorting element 4212 is proximity coupled to the ground plane
4202. The tab 4218 may be integrally formed with the shorting element 4212 as explained above
or separately formed. Alternatively, each shorting element 4212 may have direct galvanic contact
with the ground plane 4202.

[00131] As shown best in FIG. 42, the ground plane 4202 includes one or more flaps
4222 (sometimes referred to as a ground flap) extending therefrom. The flaps 4222 may assist in
impedance matching, introduce capacitance to the feeding elements 4208, 4210, etc. as explained
above.

[00132] Similar to the ground plane 104 of FIGS. 1 and 2, the ground plane 4202 of
FIGS. 39-43 includes an integrally formed (e.g., stamped and bent tabs, etc.) feature 4224 for
soldering a cable braid of a cable feed 4226. This feature provides minimum (or at least reduced)
direct galvanic contact surface between the cable braid and the ground plane 4202 as explained
above.

[00133] In the exemplary embodiment of FIGS. 39 and 40, the antenna system 4200
includes one or more isolators adjacent at least two of the antennas 4204 for isolating those
antennas 4204. Thus, the one or more isolators may decrease the likelihood of mutual coupling
between the antennas 4204.

[00134] The antenna system 4200 of FIGS. 39 and 40 includes a T-isolator 4230
positioned between each pair of adjacent antennas 4204. The T-isolators 4230 of FIGS. 39 and
40 may be supported by two plastic posts 4234 or another suitable structure and/or material.

[00135] Each T-isolator 4230 of FIGS. 39 and 40 is integrally formed (e.g., stamped
and bent, efc.) with the ground plane 4202. For example, each T-isolator 4230 may be stamped
and bent upward to form the isolator. In such examples, the ground plane 4202 defines a recess
4232 corresponding to each T-isolator 4230. Alternatively, the T-isolators 4230 may be formed
separately.

[00136] In other exemplary embodiments, the isolators adjacent at least two of the
antennas 4204 may include one or more alternate isolators in addition to or in alternative to the
T-isolator 4230 of FIGS. 39 and 40. For example, FIG. 44 illustrates an exemplary embodiment
of an antenna system including the antennas 4204 and an isolator patch 4702 defining slots.
Additionally, FIG. 45 illustrates another exemplary embodiment of an antenna system including

the antennas 4204 and three isolator goal posts 4802. The isolators 4802 are shaped similarly to
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soccer goal posts having two vertical shorter side portions and a horizontal longer top portion
perpendicular to and extending between the two shorter sides.

[00137] Referring back to FIGS. 39-43, one or more components of the antenna
system 4200 may be integrally formed from a single piece of material as explained above. For
example, such components may be stamped and bent in a desirable direction to form the above
described features. Alternatively, any one or more components may be formed separately and
joined together via one or more suitable fasteners including, for example, plastic rivets, nylon
screws/nuts, efc.

[00138] FIGS. 46-49 provide analysis results measured for a computer simulated
design of the antenna system 4200 shown in FIGS. 39-43. These analysis results shown in FIGS.
46-59 are provided only for purposes of illustration and not for purposes of limitation.

[00139] More specifically, FIGS. 46a through 46d are exemplary line graphs
illustrating VSWR versus frequency measured for port 1 (FIG. 46a), port 2 (FIG. 46b), port 3
(FIG. 46¢), and port 4 (FIG. 46d). The VSWR is provided for the low frequency band (about 698
MHz to about 960 MHz) and the high frequency band (about 1710 MHz to about 2700 MHz).

[00140] FIGS. 47a through 47f are exemplary line graphs illustrating isolation versus
frequency measured between the multiple ports for the low frequency band (about 698 MHz to
about 960 MHz) and the high frequency band (about 1710 MHz to about 2700 MHz). For
example, FIG. 47a illustrates isolation between port 1 and port 2, FIG. 47b illustrates isolation
between port 1 and port 3, FIG. 47c illustrates isolation between port 1 and port 4, FIG. 47d
illustrates isolation between port 2 and port 3, FIG. 47¢ illustrates isolation between port 2 and
port 4, and FIG. 47f illustrates isolation between port 3 and port 4.

[00141] FIGS. 48a through 48h are exemplary line graphs of PIM versus frequency in
MHz measured for each of the four ports. Specifically, FIG. 48a shows a peak PIM of -156 dBc
at 776 MHz for port 1 and FIG. 48b shows a peak PIM of -164 dBc at 1910 MHz for port 1. FIG.
48c shows a peak PIM of -154.8 dBc at 776 MHz for port 2 and FIGS. 48d shows a peak PIM of
-162.5 dBc at 1896 MHz for port 2. FIG. 48e shows a peak PIM of -159.6 dBc at 776 MHz for
port 3 and FIGS. 48f shows a peak PIM of -164.6 dBc at 1898 MHz for port 3. FIG. 48g shows a
peak PIM of -159.9 dBc at 786 MHz for port 4 and FIG. 48h shows a peak PIM of -166.4 dBc at
1902 MHz for port 4.

24



WO 2016/018547 PCT/US2015/037930

[00142] FIG. 49 illustrates various measured radiation patterns for port 1, port 2, port 3
and port 4 of the antenna system 4200. FIG. 49 illustrates azimuth plane patterns (on the left) and
elevation 0° plane patterns at frequencies of 698 MHz, 824 MHz, 960 MHz, 1710 MHz, 1880
MHz, 2110 MHz, 2305 MHz, 2412 MHz, and 2700 MHz.

[00143] The antenna systems disclosed herein including the radiating patch elements,
the ground planes, feeding elements, the shorting elements, efc., may be any suitable size (e.g.,
height, diameter, efc.). The size of each component of an antenna system may be determined
based on particular specifications, desired results, efc. For example, the height of the feeding
elements disclosed herein may be determined so that an impedance match in the high band may
be substantially achieved. Also, for example, if an antenna system disclosed herein includes a
dual port antenna, the diameter of the antenna system may be about 300 millimeters (mm), less
than 300 mm, more than 300 mm, efc. In other exemplary embodiments, an antenna system may
have a diameter of about 250 mm or less. In some exemplary embodiments, an antenna system
may have a diameter of about 230 mm (e.g., an approximate diameter encircling one or more
ground planes, efc.) and a height of about 35 mm (e.g., the distance from a ground plane to a
radiating patch element, efc.).

[00144] Additionally, the shape of each component of the antenna systems may be any
suitable shape. For example, the radiating patch elements, feeding elements, shorting elements,
efc. may be square, oval, pentagonal, efc. depending on manufacturability of a shape, cost
effectiveness, particular specifications, desired results, efc.

[00145] By employing one or more of the features disclosed herein, an antenna and/or
antenna system including one or more antennas may provide or include one or more (but not
necessarily any or all) of the following advantages or benefits. For example, an antennas and/or
antenna system may have a low profile, a broad bandwidth, sufficient isolation between ports (if
two or more ports are employed), multiple antennas in a reasonable (e.g., smaller, efc.) footprint,
desirable omnidirectional characteristics compared to the height of the antennas, efc.
Additionally, an antenna and/or antenna system disclosed herein may have a low PIM due in part
to having less (e.g., two, efc.) points of galvanic contact for each radiator. Further, an antennas
and/or antenna system may provide design flexibly and allow for a modular concept to be

implemented. An exemplary modular concept or design disclosed herein may allow an antenna
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(e.g., antenna 100, etc.) to be reused for a single port, dual port, triple port, quadruple port, efc.
during development stage to final product.

[00146] Further, although the antenna systems disclosed herein are shown to include
one antenna, two antennas, or four antennas, any number of antennas may be employed without
departing from the present disclosure. For example, an antenna system may include three
antennas, five or more antennas, efc.

[00147] Exemplary embodiments of the antenna systems disclosed herein may be
suitable for a wide range of applications, e.g., that use more than one antenna, such as LTE/4AG
applications and/or infrastructure antenna systems (e.g., customer premises equipment (CPE),
terminal stations, central stations, in-building antenna systems, efc.). An antenna system
disclosed herein may be configured for use as an omnidirectional MIMO antenna, although
aspects of the present disclosure are not limited solely to omnidirectional and/or MIMO
antennas. An antenna system disclosed herein may be implemented inside an electronic device,
such as machine to machine, vehicular, in-building unit, efc. In which case, the internal antenna
components would typically be internal to and covered by the electronic device housing. As
another example, the antenna system may instead be housed within a radome, which may have a
low profile. In this latter case, the internal antenna components would be housed within and
covered by the radome. Accordingly, the antenna systems disclosed herein should not be limited
to any one particular end use.

[00148] Example embodiments are provided so that this disclosure will be thorough,
and will fully convey the scope to those who are skilled in the art. Numerous specific details are
set forth such as examples of specific components, devices, and methods, to provide a thorough
understanding of embodiments of the present disclosure. It will be apparent to those skilled in the
art that specific details need not be employed, that example embodiments may be embodied in
many different forms, and that neither should be construed to limit the scope of the disclosure. In
some example embodiments, well-known processes, well-known device structures, and well-
known technologies are not described in detail. In addition, advantages and improvements that
may be achieved with one or more exemplary embodiments of the present disclosure are
provided for purpose of illustration only and do not limit the scope of the present disclosure, as
exemplary embodiments disclosed herein may provide all or none of the above mentioned

advantages and improvements and still fall within the scope of the present disclosure.
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[00149] Specific numerical dimensions and values, specific materials, and/or specific
shapes disclosed herein are example in nature and do not limit the scope of the present
disclosure. The disclosure herein of particular values and particular ranges of values for given
parameters are not exclusive of other values and ranges of values that may be useful in one or
more of the examples disclosed herein. Moreover, it is envisioned that any two particular values
for a specific parameter stated herein may define the endpoints of a range of values that may be
suitable for the given parameter (i.e., the disclosure of a first value and a second value for a
given parameter can be interpreted as disclosing that any value between the first and second
values could also be employed for the given parameter). For example, if Parameter X is
exemplified herein to have value A and also exemplified to have value Z, it is envisioned that
parameter X may have a range of values from about A to about Z. Similarly, it is envisioned that
disclosure of two or more ranges of values for a parameter (whether such ranges are nested,
overlapping or distinct) subsume all possible combination of ranges for the value that might be
claimed using endpoints of the disclosed ranges. For example, if parameter X is exemplified
herein to have values in the range of 1 — 10, or 2 — 9, or 3 — 8§, it is also envisioned that Parameter
X may have other ranges of values including 1 -9,1-8,1-3,1-2,2-10,2-8,2-3,3-10,
and 3 9.

[00150] The terminology used herein is for the purpose of describing particular
example embodiments only and is not intended to be limiting. As used herein, the singular forms

[Pt

a”’, “an” and “the” may be intended to include the plural forms as well, unless the context

2% << 29 <l

clearly indicates otherwise. The terms “comprises,” “comprising,” “including,” and “having,” are
inclusive and therefore specify the presence of stated features, integers, steps, operations,
elements, and/or components, but do not preclude the presence or addition of one or more other
features, integers, steps, operations, elements, components, and/or groups thereof. The method
steps, processes, and operations described herein are not to be construed as necessarily requiring
their performance in the particular order discussed or illustrated, unless specifically identified as
an order of performance. It is also to be understood that additional or alternative steps may be
employed.

[00151] When an element or layer is referred to as being “on”, “engaged to”,

“connected to” or “coupled to” another element or layer, it may be directly on, engaged,

connected or coupled to the other element or layer, or intervening elements or layers may be
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present. In contrast, when an element is referred to as being “directly on,” “directly engaged to”,
“directly connected to” or “directly coupled to” another element or layer, there may be no
intervening elements or layers present. Other words used to describe the relationship between
elements should be interpreted in a like fashion (e.g., “between” versus “directly between,”
“adjacent” versus “directly adjacent,” efc.). As used herein, the term “and/or” includes any and
all combinations of one or more of the associated listed items.

[00152] The term “about” when applied to values indicates that the calculation or the
measurement allows some slight imprecision in the value (with some approach to exactness in
the value; approximately or reasonably close to the value; nearly). If, for some reason, the
imprecision provided by “about” is not otherwise understood in the art with this ordinary
meaning, then “about” as used herein indicates at least variations that may arise from ordinary
methods of measuring or using such parameters. For example, the terms “generally”, “about”,
and “substantially” may be used herein to mean within manufacturing tolerances.

[00153] Although the terms first, second, third, efc. may be used herein to describe
various elements, components, regions, layers and/or sections, these elements, components,
regions, layers and/or sections should not be limited by these terms. These terms may be only
used to distinguish one element, component, region, layer or section from another region, layer

2% <<

or section. Terms such as “first,” “second,” and other numerical terms when used herein do not
imply a sequence or order unless clearly indicated by the context. Thus, a first element,
component, region, layer or section discussed below could be termed a second element,
component, region, layer or section without departing from the teachings of the example
embodiments.

[00154] Spatially relative terms, such as “inner,” “outer,” “beneath”, “below”,
“lower”, “above”, “upper” and the like, may be used herein for ease of description to describe
one element or feature’s relationship to another element(s) or feature(s) as illustrated in the
figures. Spatially relative terms may be intended to encompass different orientations of the
device in use or operation in addition to the orientation depicted in the figures. For example, if

b

the device in the figures is turned over, elements described as “below” or “beneath” other
elements or features would then be oriented “above” the other elements or features. Thus, the

example term “below” can encompass both an orientation of above and below. The device may
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be otherwise oriented (rotated 90 degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly.

[00155] The foregoing description of the embodiments has been provided for purposes
of illustration and description. It is not intended to be exhaustive or to limit the disclosure.
Individual elements, intended or stated uses, or features of a particular embodiment are generally
not limited to that particular embodiment, but, where applicable, are interchangeable and can be
used in a selected embodiment, even if not specifically shown or described. The same may also
be varied in many ways. Such variations are not to be regarded as a departure from the
disclosure, and all such modifications are intended to be included within the scope of the

disclosure.
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CLAIMS
WHAT IS CLAIMED IS:
1. An antenna comprising:
an upper radiating patch element;
a ground plane spaced apart from the upper radiating patch element;
a feed point positioned adjacent the ground plane;
a first feeding element electrically coupling the upper radiating patch element to the feed
point;
a second feeding element electrically coupling the upper radiating patch element to the
feed point; and
a shorting element electrically coupling the upper radiating patch element to the ground
plane.
2. The antenna of claim 1, wherein:
the antenna is operable within at least a first frequency range from about 698 megahertz
to about 960 megahertz and a second frequency range from about 1710 megahertz to about 2700
megahertz; or
the antenna is operable within a frequency range from about 698 megahertz to about 2700
megahertz.
3. The antenna of any preceding claim, wherein the upper radiating patch element
includes a first portion and a second portion that are not co-planar.
4, The antenna of claim 3, wherein:
the second portion of the upper radiating patch element defines a recess; and/or
the first portion of the upper radiating patch element defines a slot; and/or
the shorting element extends from the second portion of the upper radiating patch
element.
5. The antenna of any preceding claim, wherein:
the upper radiating patch element includes at least one portion having a first edge and a
second edge opposing the first edge; and
the first edge and the second edge defining a varying width therebetween.
6. The antenna of any preceding claim, wherein:

the first feeding element and the second feeding element are not co-planar; and/or
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the first feeding element and the second feeding element include side edge portions
angled inwardly toward each other in a direction from the upper radiating patch element towards
the ground plane such that each feeding element decreases in width.

7. The antenna of any preceding claim, wherein the ground plane includes one or
more flaps extending upwardly from the ground plane and configured for providing impedance
matching.

8. The antenna of any preceding claim, wherein the ground plane includes a main
portion and a stub extending from the main portion, and wherein:

the main portion is substantially sector shaped; and/or

the main portion and the stub are not co-planar; and/or

the stub includes a first portion and a second portion that are not co-planar; and/or

the ground plane includes one or more flaps extending from the main portion and
configured for providing impedance matching.

0. The antenna of any one of claims 1-6, wherein:

the ground plane includes a main portion, an ancillary portion adjacent the main portion,
and a stub extending from the ancillary portion; and

the main portion and the ancillary portion are both substantially sector shaped.

10. The antenna of claim 9, wherein:

the main portion, the ancillary portion, and the stub are not co-planar; and/or

the stub includes a first portion and a second portion that are not co-planar; and/or

the ground plane includes one or more flaps extending from the main portion and
configured for providing impedance matching.

11. An antenna system comprising:

a ground plane; and

four antennas, each said antenna including an upper radiating patch element spaced apart
from the ground plane, a first feeding element electrically coupling the upper radiating patch
element to a feed point, a second feeding element electrically coupling the upper radiating patch
element to the feed point, and a shorting element electrically coupling the upper radiating patch
element to the ground plane.

12. The antenna system of claim 11, wherein:
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the antenna system is operable within at least a first frequency range from about 698
megahertz to about 960 megahertz and a second frequency range from about 1710 megahertz to
about 2700 megahertz; or

the antenna system is operable within a frequency range from about 698 megahertz to
about 2700 megahertz.

13. The antenna system of claim 11 or 12, wherein:

the ground plane is substantially circular and defines an edge; and

the antennas are positioned adjacent the edge of the ground plane.

14. The antenna system of any one of claims 11-13, wherein:

the first feeding element and the second feeding element of each antenna are not co-
planar; and/or

the first feeding element and the second feeding element of each antenna include side
edge portions angled inwardly toward each other in a direction from the upper radiating patch
element towards the ground plane such that each feeding element decreases in width; and/or

the upper radiating patch element of each antenna includes a first portion and a second
portion, the first portion and the second portion of the upper radiating patch element are not co-
planar, and/or the second portion of the upper radiating patch element defines a recess, and/or the
shorting element extends from the second portion of the upper radiating patch.

15. The antenna system of any one of claims 11-14, further comprising an isolator
adjacent at least two of the antennas, wherein the isolator is configured to isolate said two
antennas from each other.

16. An antenna system comprising:

at least two ground planes; and

at least two antennas, each antenna including an upper radiating patch element spaced
apart from one respective ground plane, a first feeding element electrically coupling the upper
radiating patch element to a feed point, a second feeding element electrically coupling the upper
radiating patch element to the feed point, and a shorting element electrically coupling the upper
radiating patch element to its respective ground plane.

17. The antenna system of claim 16, wherein each ground plane includes a main
portion and a stub extending from the main portion; and wherein:

the main portion and the stub of each ground plane are not co-planar; and/or
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the main portion of each ground plane is substantially sector shaped; and/or

the stub of each ground plane includes a first portion and a second portion that are not co-
planar; and/or

each ground plane includes one or more flaps extending from the main portion and
configured for providing impedance matching.

18. The antenna system of claim 16, wherein each ground plane includes a main
portion, an ancillary portion adjacent the main portion, and a stub extending from the ancillary
portion; and wherein:

the main portion and the ancillary portion of each ground plane are substantially sector
shaped; and/or

the main portion, the ancillary portion, and the stub of each ground plane are not co-
planar; and/or

the stub of each ground plane includes a first portion and a second portion that are not co-
planar.

19. The antenna system of any one of claims 16-18, wherein:

the first feeding element and the second feeding element of each antenna are not co-
planar; and/or

the first feeding element and the second feeding element of each antenna include side
edge portions angled inwardly toward each other in a direction from the upper radiating patch
element towards the ground plane such that each feeding element decreases in width; and/or

the upper radiating patch element of each antenna includes a first portion and a second
portion, the first portion and the second portion of the upper radiating patch element are not co-
planar, and/or the second portion of the upper radiating patch element defines a recess, and/or the
first portion of the upper radiating patch defines a slot, and/or the shorting element extends from
the second portion of the upper radiating patch.

20. The antenna system of any one of claims 16-19, wherein:

the antenna system is operable within at least a first frequency range from about 698
megahertz to about 960 megahertz and a second frequency range from about 1710 megahertz to
about 2700 megahertz; or

the antenna system is operable within a frequency range from about 698 megahertz to

about 2700 megahertz.
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