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MILLIMETER WAVE ANTENNA ARRAY

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Application No.
62/862,516, filed June 17, 2019, and entitled MILLIMETER WAVE ANTENNA ARRAY
and U.8. Non-provisional Application No. 16/903,169, filed June 16, 2020, and entitied
MILLIMETER WAVE ANTENNA ARRAY the disclosure of which are hereby

meorporated by reference in their entirety.

BACKGROUND

Field of the Disclosure

[0002] Embodiments described herein relate to antenna arrays, and in particular
to two-dimensional antenna arrays which can be used in comjunction with beamforming

cireuttry.

Description of the Related Art

[6003] In some embodiments, a two-dimensional array of antenna elements can
be formed on a single substrate. However, the controlling circuitry used i conjunction with
such an antenna array may have a footprint considerably larger than the antenna array itself.
This can be of particular concern where the antenna array is configured for operation at
shorter wavelengths, such as i the millimeter wave band.

[6004] in some embodiments, the controlling circuitry can be supported by one or
more additional substrates distinct from the antenna array substrate itself. In some particular
embodiments, the antenna array substrate may be positioned at an angle to a plurality of
printed circuit boards (PCBs) supporting circuitry for controlling the array of antenna
element. However, a suitable interface between the PCBs and the non-coplanar substrate
supporting the antenna elemenis can be complex, presenting difficulties with respect to both

design and manufacture.



WO 2020/257310 PCT/US2020/038178

SUMMARY

[6005] in one broad aspect, an antenna array 1s provided, including a backplane,
and a plurality of printed circuit boards supported at a first edge by the backplane, the
plurality of printed circurt boards arranged parallel to and spaced apart from one another,
each of the plurality of printed circutt boards including a linear array of dipole antenna
elements arranged along a second free edge of the printed circuit board opposite the first
edge of the printed circutt board, the linear arrays of dipole antenna elements on each of the
plurality of printed circuit boards cooperating with one another to form a two-dimensional
array of printed circuit boards.

[6066] In some embodiments, the printed circuit boards can be orthogonal to the
backplate. In some embodiments, each of the plurality of printed circuit boards can supporta
beamformung integrated circuit operably connected to at least a portion of the linear array of
dipole antenna elements. In some embodiments, each of the plurality of printed circuit
boards can support a second beamforming integrated circuit operably connected to at least a
portion of the linear array of dipole antenna elements. In some embodiments, each of the
plurality of printed circuit boards can support a plurality of swiiches, each of the plurality of
switches arranged between the beamforming integrated circuit and a dipole antenna element
of the linear array of dipole antenna elements.

(60671 In some embodiments, each of the plurality of printed circuit boards can
mclude a first portion proximate the backplane and having a first thickness and a second
portion proximate the second edge of the printed circuit board and having a second thickness
greater than the first thickness. In some embodiments, each of the plurality of printed circuit
boards can include a thermal dissipation structure supported by the furst portion of the printed
circuit board. In some embodiments, the thermal dissipation structure can include a plurality
of fins.

[0008] In some embodiments, the linear array of dipole antenna elements can be
at least partially embedded within the second portion of the printed circuit board. In some
embodiments, the linear array of dipole antenna elements can mclude a first subset of dipole
antenna elements oriented mn a first direction and a second subset of dipole antenna elements
oriented in a second direction. In some embodiments, the first subset of dipole antenna

elements can be horizontally oriented and include a pair of parallel, non-coplanar sections,
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and the second subset of dipole antenna elements can be vertically ornented and nclude a
pair of axially aligned vias spaced apart from one another. In some embodiments, the dipole
antenna elements of the first subset of dipole antenna elements can alternate with the dipole
antenna elements of the second subset of dipole antenna elements along the length of the
linear array of dipole antenna elements.

[0009] In some embodiments, each of the plurality of printed circuit boards can
also include a ground plane oriented substantially parallel to a major surface of the printed
circutt board, and a plurality of conductive vias oriented orthogonally to the ground plane
and connected to the ground plane. Tn some embodiments, the plurality of conductive vias
can be arranged in a pattern extending generally parallel to the second edge of the circuit
board, and the linear array of dipole elements can be located between the plurahity of
conductive vias and the second edge of the printed circust board.

(0016} in another broad aspect, a printed circuit 15 provided, the printed circuit
board configured to cooperate with a plurality of printed circunt boards to form a two-
dimensional array of antenna elements, the printed circut board including a first section
proximate a first edge of the printed circuit board, the printed circuit board configured to be
supported at first edge of the printed circuit board by a backplane, the first section having a
first thickness, a second section proximate a second edge of the printed circuit board, the
second edge of the printed circuit board having a second thickness greater than the first
thickness, a linear array of dipole antenna elements embedded at least partially within the
second section of the printed circuit board adjacent the second edge of the printed circuit
board, beamforming circuitry supported by the printed circuit board and in electrical
communication with the linear array of dipole antenna elements, and a thermal dissipation
structure supported by the first section of the printed circuit board.

(6011} In some embodiments, the linear array of dipole antenna elements can
imclude a plurality of horizontally-oriented dipole antenna elements alternating with a
plurality of vertically-oriented dipole antenna elements. In some embodiments, the plurality
of vertically-oriented dipole antenna elements can include a plurality of vertically-extending
dipole vias, and the printed circutt board can also include a plurality of vertically-extending
ground vias, where the vertically-extending dipole vias can be located closer to the second

edge of the printed circuit board than the vertically-extending ground vias.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The foregoing and other features of the present disclosure will become
more fully apparent from the following description and appended claims, taken m
comjunction with the accompanying drawings. Understanding that these drawings depict only
several embodiments in accordance with the disclosure and are not to be considered limiting
of its scope, the disclosure will be described with additional specificity and detadl through
use of the accompanying drawings. In the following detailed description, reference 1s made
to the accompanying drawings, which form a part hereof In the drawings, similar symbols
typically identify similar components, unless context dictates otherwise.

[8013] FIG. 1 18 a perspective view schematically dlustrating a two-dimensional
array of antenna elements comprising antenna elements at the free ends of each of a plurality
of cantilevered printed circuit boards (PCBs).

[6014] FIG. 2 15 a top plan view of PCB section itlustrating an exemplary dipole
antenna element design.

[6015] FIG. 3 18 a perspective view schematically illustrating an exemplary 8 x
16 array of dipole antenna elements formed near the free edges of eight distinct PCBs.

[0016] Fi(s. 4 15 a perspective view schematically dlustrating an exemplary 3 x 3
array of dipole elements formed near the free edges of three distinct PCBs.

[8017] FIG. 5 15 a plot illustrating elevation scanming of an exemplary antenna
array.

[6018&] FIG. 6A 15 a top plan view schematically illustrating an antenna array
such as the array of FIG. 4. FIG. 6B 15 a plot dlustrating azimauth scanning of the antenna
array of FEG, 6A using a uniform distribution.

[0019] FiIG. 7A 5 a top plan view schematically illustrating an antenna array
such as the array of FEG. 4. FIG. 7B is a plot illustrating azimuth scanning of the antenna
array of FI{. 7A using a Taylor distribution.

[0020] Fits. 8 15 a plot of return loss of the center dipole of a 3x3 array such as
the array of FIG. 4.
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[6021] FIG. 9A 15 a perspective view illustrating a simulation model and
coordinate system for a 3x3 array such as the array of FIG. 4. FIG. 9B 1s a perspective view
ittustrating the far field radiation pattern of a single element of the array at 38.8 GHz

[6022] FIG. 10A 15 a plot of a Y-Z planar cut of the far field radiation pattern of
the center dipole of a 3x3 array such as the array of FIG. 94 at 388 GHz. FIG. 0B s a
plot of an X-Z planar cut of the far field radiation pattern of the center dipole of the 3x3 array
at 38.8 GHz.

6023} FIGS, 11A and 118 are Y-Z planar cuts of the far field radiation pattern
of the center dipole of a 16x16 array such as the array of FIG. 1 at 38.8 GHz

[0024] Fi. 12 15 a perspective view of one embodiment of a PCB which can be
used tn a doal polanized array including a phurality of alternately polarized elements.

[6025] FIG. 13 1s a perspective view illustrating a dual polarized antenna array
formed by a plurality of PCBs, with alternating horizontally oriented dipole elements and
vertically oriented dipole elements.

[0026] FIGS. 14A and 14B dlustrate Y-Z and X-Z planar cuts of the radiation
patterns of the horizontally polarized antenna elements of an antenna array such as that of
FiIG. 13

(6027} FIGS, 15A and 158 llustrate Y-Z and X-Z planar cuts of the radiation
patterns of the vertically polarized antenna elements of an antenna array such as that of FiIG.
i3

[6028&] FiG. 16A 15 a partial cutaway perspective view of an alternative
embodiment of a PCB which can form a part of a dual-polarized antenna array. FEG. 16B 15
a detail partial cutaway perspective view of the PCB of FIG. 164 FIG. 16C is another
detail partial cutaway perspective view of the PCB of FIG. 16A, showing embedded
striplines within the PCB structure. FIG. 16D 15 a side perspective view of the PCB of FiG.
164,

[0029] Fis. 17 is a perspective view illustrating another embodiment of a PCB
having a plurality of components supported on a first side thereof.

[0036] FIG. 18 15 a top plan view schematically illustrating an alternative
embodiment of a via arrangement in which a portion of the signal lines are not coplanar with

the printed dipole components of the embedded dipole antenna elements.
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[6031] FIG. 18 s a cross-sectional wview schematically illustrating an
embodiment of a laver stack which can be used to fabricate a PCB such as the PCB of FIG,
i7

[0032] Fiz, 28A s a top plan view of a PCB such as the PCB of FIG. 17,
itlustrating certan vias and conductive traces formed between various components. FIG.
208 15 a bottom plan view of the PCB of FIG. 20A.

[0033] While the above-identified drawings set forth presently disclosed
embodiments, other embodiments are also contemplated, as noted n the discussion. This
disclosure presents dlustrative embodiments by way of representation and not hnutation.
Numerous other modifications and embodiments can be devised by those skilled in the art
which fall within the scope and spirit of the principles of the presently disclosed

embodiments.

DETAILED DESCRIPTION

[6034] In some embodiments, a two-dimensional antenna array can be formed
across a plurality of discrete printed circuit boards (PCBs) or other supporting substrate, with
each of the plurality of PCBs having a linear array of antenna elements formed thereon.
When the PCBs are arranged relative to one another, the linear arrays of antenna elements
formed on each of the PCBs can cooperate to form the two-dimensional antenna array.

[6035] In providing a multi-dimensional array of antenna elements spread across
a pluralty of distinct PCBs, each PCB can support controlling circuitry, such as
beamforming circuitry, which can control the operation of those antenna elements on the
same PCB. Such an arrangement can provide multiple substrates for supporting controlling
circuitry and other components of the antenna array, while avoiding the need to design and
fabricate a complex imterface between a common antenna array substrate and a plurality of
additional substrates. This arrangement can also be beneficial with respect to thermal
management of the antenna array and controlling circuitry.

[6036] While the structures described herein can be adapted for use with a wide
range of operational frequencies, the structures may be particularly suited for use with
frequencies in or near the millimeter wave range. In some embodiments, the operational

frequency of the antenna array may be between 20 GHz and 39 GHz. In some particular
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embodiments, the operational frequency of the antenna array may be between 24 and 30
GHz  In some exemplary embodiments, the antenna arrays can be used with frequencies at
or around 28 GHz, or at or around 39 GHz Other frequencies higher and lower than these
ranges may also be used.

[6037] FIG. 1 15 a perspective view schematically dlustrating a two-dimensional
array of antenna elements comprising antenna elements at the free ends of each of a plurality
of cantilevered printed circuit boards (PCBs).

[6038] FIG. 1 ilustrates an antenna array 106 mncluding a pluraliy of printed
circutt boards (PCBs) 116, The plurality of PCBs 110 are arranged generally parallel to one
another, and are supported at one end 112 by a backplane 182 The opposite ends 114 of the
P(CBs 110 are free ends, such that the PCBs 116 are supported in a cantilevered arrangement
by the backplane 1062,

[0039] A linear array of antenna elements 128 are formed along each of the free
ends 114 of the PUBs 118, opposite the backplane 182, The hinear arrays of antenna
elements 120 along each of the free ends 114 of the PCBs 118 cooperate with one another to
form a two-dimensional array of antenna elements 128, in which each row of the antenna
elerents 120 1s located on a different PCB 110

6040} FIG. 2 13 a top plan view of PCB section illustrating an exemplary dipole
antenna element design. Dipole antenna 128 may include a first dipole arm 138 including a
proximal section 132 extending normal to the backplane and a distal section 134 extending
perpendicularly from the proximal section 132 m a first direction parallel to the backplane.
Dipole antenna 120 also includes a second arm 14€¢ including a proximal section 142
extending normal to the backplane and a distal section 144 extending perpendicularly from
the proximal section 142 in a second direction opposite the first direction in which the distal
section 134 of the first dipole arm 140 extends.

(0041} The proximal sections 132 and 142 of the first and second dipole arms 130
and 14¢ may comprise parallel, overlapping striplines, and the distal sections 134 and 144
may be parallel striphines which extend i opposite directions, and do not have substantial

overlap.
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[6042] In the ilustrated embodiment, the PCB also includes a director 186 which
includes a strip located outward of the dipole arms 130 and 140, closer to the free end 114 of
the PCB 118 The edges of the dipole arms 130 and 148 may extend farther outward than the
edges of the director 150, The director 150 may be coplanar with one of the dipole arms 136
or 148,

[6043] In the illustrated arrangement, the two dipole arms 130 and 140 are
located within parallel respective planes, and the two dipole arms 138 and 148 may be
separated by at least one sublayer of the PCB 118. Because all of the dipole arms 138 are
coplanar with one another, and all of the dipole arms 140 are also coplanar with one another,
the distal portion of the PCB 110 in which the dipole antenna elements 120 are defined may
be comparatively thin, and the proximal portion of the PCB 118 may be comparatively
thicker to provide additional structures. In some embodiments, a proximal section of at least
one of the dipole arms may be in contact with a ground plane within or on a surface of the
PCB 110 1n the thicker proximal portion of the PCB 110

[6044] In some embodiments, the dipole arms 136 and 148 may be etched or
otherwise formed on exposed opposite sides of a PCB sublayer. In other embodiments, as
discussed in greater detail below, the dipole arms 130 and 148 may be embedded within the
PCB, with surrounding sublayers on one or both sides of the PCB, and the distal portion of
the PCB may be thicker to accommodate the additional sublavers and other components.

[0045] As discussed in greater detail below, the PCBs 110 may support
beamforming circuitry (not shown i FIGS, 1 and 2), which can be used to control the
operation of the antenna elements on that PCB 116, The beamforming circutty may
comprise mntegrated circuits (ICs), also referred to as radio frequency mtegrated circuts
(RFICs). The beamforming circuitry may be used to steer the antenna.

[6046] Because each PCB can support beamforming circuitry and other
components used to control the antenna elements on that PCB, the multilayer PCB
arrangement provides an amount of available surface area which can be substantially larger
than the dimensions of the antenna array itself, while occupying a comparatively small
volume.

[0047] FIG. 3 15 a perspective view schematically iHustrating an 8 x 16 array 300

of dipole elements, which can also be used in the generation of simulation results, as
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discussed n greater detail below. FIG. 4 15 a perspective view schematically illustrating an
exemplary 3x3 array 400 of dipole elements. This 3x3 array may be used to model antenna
behavior, such as the effects of neighboring dipoles, and may represent a subset of a larger
array.

[0048] The scan loss of a given antenna array will control the usable angular scan
range of the array. The scan loss may be a function, in part, of the array geometry, including
the number of elements and the spacing between those elements. The scan loss may also be
a function of the element type used to populate the array. However, the array geometry
affects scan loss independent of the particular antenna array element type used.

[6049] FIG. 5 1s a plot illustrating elevation scanning of an antenna array
geometry as a function of scan angle theta, where the elements are spaced 0.72 wavelengths
apart (7.2 mm) along the elevation axis, with no grating lobe at 30.0 GHz. A 27dB Taylor
distribution was used in the generation of this plot. In an embodiment in which the scan
requirement for an antenna array in elevation 1s lower than the scan requirement m azimuth,
larger element spacing along the elevation axis may be used.

(6050} FiG. 6B s a plot illustrating azimuth scanning of an antenna array
geometry as a function of scan angle theta, where the elements are spaced 0.5 wavelengths
apart (5.14 mm} along the azimuth axis, with no grating lobe at 30.0 GHz. A uniform
distribution was used in the generation of this plot. FIG. 64 illustrates the plane 684 along
which the cuts of FIG. 6B are made, shown relative to the 8 x 16 antenna array 688 such as
the array 300 of FiIG. 3.

[6051] FIG. 7B is another plot illustrating azimuth scanning of an antenna array
geometry as a function of scan angle theta, where the elements are spaced 0.5 wavelengths
apart {5.14 mm) along the azimuth axis, with no grating lobe at 30.0 GHz. A 27 dB Taylor
distribution was used in the generation of this plot. FEG. 7A illustrates the plane 704 along
which the cuts of ¥IG. 7B are made, shown relative to the 8 x 16 antenna array 768 such as
the array 300 of FIG. 3.

[0052] Fis. 8 15 a plot of return loss of the center dipole of a 3x3 array such as
the array 400 of ¥FIG. 4. The solid line 806 represents the return loss of the center dipole,
and the dashed lines represent the isolation between the center dipole and each of the

surrounding 8 dipoles.
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[6053] FIG. 9A 15 a perspective view illustrating a simulation model and
coordinate system for a 3x3 array 990 such as the array 308 of FIG, 3. FIG. 9B s a
perspective view illustrating the far field radiation patiern 968 of a single element of the
array 900 at 38.8 GHz

[6054] FIG. 10A 15 a plot of a Y-Z planar cut of the far field radiation pattern of
the center dipole of a 3x3 array such as array 900 at 38.8 GHz. The 3dB beamwidth 13 116
degrees, and the 10dB beamwidth is 153 degrees. FIEG. 10B 15 a plot of an X-Z planar cut of
the far field radiation pattern of the center dipole of the 3x3 array at 38.8 GHz

[0055] FIGS, 11A and 118 are Y-Z planar cuts of the far field radiation pattern
of the center dipole of a 16x16 array such as array 100 at 38.8 GHz  In FIG. 114, the
radiation pattern is steered towards an angle of 19.5 degrees along the Y-Z axis, with a peak
gain of 28 9 dB. The first side lobe level 1s 12.7 dB, and the 3 dB beamwidth 1s 6.7 degrees.
In FIG. 11B, the radiation pattern s steered towards an angle of 41 degrees along the Y-Z
axis, with a peak gain of 27.4 dB. The first side lobe level 13 11.1 dB, and the 3 dB
beamwidth is 8.2 degrees.

[8056] In some embodiments, dual polanization may be required. In such
embodiments, an antenna array of alternately polarnzed elements can be used. FIG. 1215 a
perspective view of one embodiment of a PCB which can be used 10 such an array. As can
be seen in FIG. 12, a distal portion 1260 at the free end 1214 of the PCB 1210 can be thicker
than a proximal portion 1278 closer to the end at which the PCB 1218 will be supported by a
backplane. The additional thickness can accommodate the inclusion of vertically oriented
dipole antennas 1278 with sections oriented orthogonal to the major surfaces of the PCB
1210, in addition to horizontally oriented dipole antennas oriented parallel to the major
surfaces of the PCB 1218 and which may be embedded within the thick distal portion 1260
of the PCB.

[8057] Such a design can provide a combination of vertically polarized dipole
antennas and honzontally polarized dipole antenvas. In addition, because the PCB design
includes both vertically oriented and horizontally oriented dipole antennas, the PCB 1210
may include a plurahity of vertically extending vias 1208 which may cooperate to function as

a ground plane structure extending generally orthogonal to the major surfaces of the PCB
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1210, These vertically extending vias may connect to some or all of the planar ground
planes within or on the PCB.

[0058] A particular embodiment of a deal polarized antenna array is shown in
FIG, 13 The antenna array 1300 of FIG, 13 includes a plurality of PCBs 1318, Each of
these PCBs 1310 inclode alternating honzontally oriented dipole antennas 1328 and
vertically oriented dipole antennas 1378 along their free ends 1314

[8059] FIGS, 144 and 14B idlustrate Y-Z and X-Z planar cuts of the radiation
patterns of the horizontally polarized antenna elements of an antenna array such as antenna
array 1300, The Y-Z planar cut of FIG. 14A has a peak gan of 23.3 db, a first side lobe
level of 13.1 dB, and a 3 dB beamwidth of 12.4 degrees. The X-Z planar cut of FIG. 14B
has a peak gam of 23.3 dB, a first side lobe level of 14 dB, and a 3 dB beamwidth of 12.3
degrees.

[8060] FIGS, 154 and 15B idlustrate Y-Z and X-Z planar cuts of the radiation
patterns of the vertically polarized antenva elements of an anteona such as antenna 1360,
The Y-Z planar cut of FIG. 15A has a peak gain of 23.3 db, a {irst side lobe level of 13.4 dB,
and a 3 dB beamwidth of 12.4 degrees. The X-Z planar cut of FIG. 13B has a peak gain of
23.3 dB, a first side lobe level 0f 13 dB, and a 3 dB beamwidth of 12.2 degrees.

(6061} FIG. 16A 15 a partial cutaway view of an embodiment of a PCB 1618
which can formo a part of a dual-polarized antenna array. FIG. 168 1s a detail partial cutaway
perspective view of the PCB of FIG. 16A. FIG. 16C 15 another detail partial cutaway
perspective view of the PCB of FIG. 16A, showing embedded striplines within the PCB
structure. FIG. 16D 1s a side perspective view of the PCB of FIG. 16A

[06062] The PCB 1618 includes both horizontally extending and vertically
oriented dipole antenna elements. In particular, the horizontally oriented dipole antenna
elements 1628 may include a first dipole arm 1636 including a proximal section 1632 and a
distal section 1634 extending perpendicularly from the proximal section 1632 m a fust
direction parallel to the free end 1612 of the PCB 1618, Horizontally extending dipole
antenna element 1628 also includes a second arm 1640 including a proximal section 1642

and a distal section 1644 extending perpendicularly from the proximal section 1642 in a
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second direction opposite the first direction m which the distal section 1634 of the first
dipole arm 1640 extends.

[6063] The proximal sections 1632 and 1642 of the first and second dipole arms
1630 and 1640 of the horizontally oriented dipole antenna elements 1620 may comprise
parallel, overlapping striphines, and the distal sections 1634 and 1644 may be paraliel
striplines which do not have substantial overlap.

[0064] The vertically oriented dipole antenna elements 1678 may include an
upper dipole arm 1680 including a proximal section 1682 and a distal section 1684 extending
perpendicularly from the proximal section 1632 m an upward, vertical direction. The distal
section may be defined by or include a via extending between the proximal section 1682 and
may extend to an upper surface of the PCB 1610, The via may be a cylindrical via, and may
in some embodiments be a solid cylindrical via or a hollow cylindrical via..

[0065] The vertically oriented dipole antenna elements 1676 also include a lower
dipole arm 1698 including a proximal section 1692 and a distal section 1694 extending
perpendicularly from the proximal section 1692 1 an downward, vertical direction. The
distal section may be defined by or include a via extending between the proximal section
1692 and may extend to a lower surface of the PCB 1618,

[0066] The proximal sections 1682 and 1692 of the upper and lower dipole arms
1688 and 1690 of the vertically oriented dipole antenna elements 1678 may comprise
parallel, overlapping striplines, and the upper and lower distal sections 1684 and 1694 may
be axially aligned cylindrical vias or axially aligned structures of another shape. The upper
and lower distal sections 1684 and 1694 may in some embodiments be of unequal length, and
the space between the upper and lower distal sections 1684 and 1694 may not be located at
the exact midpoint between the upper and lower surfaces of the PCB 1616

0067} As can best be seen in FIG. 16B, the proxamal section 1632 and distal
section §1634 of the first horizontally oriented dipole antenna arm 1630 may be generally
coplanar with the proximal section 1682 of the upper vertically orented dipole antenna arm
1680, These proximal sections 1632 and 1682 may be connected to a ground plane (not
shown), which may in some embodiments be coplanar with each of the proximal sections

1632 and 1682,
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[6068] As can be seen m FIG. 16C, the proximal section 1642 of the second
horizontally oriented dipole antenna arm 1648 and the proximal section 1692 of the lower
vertically oriented dipole antenna arm 1690 may be connected to respective signal hines 1646
and 1696. In the lustrated embodiment, these signal lines 1646 and 1696 are coplanar with
the proxamal section 1642 of the second horizontally oriented dipole antenna arm 1648 and
the proximal section 1692 of the lower vertically oriented dipole antenna arm 1694, although
other configurations may also be used, as discussed in greater detail below.

[6069] As can be seen in FIG. 16D, the asymmetrical configuration of the
sublavers of PCB 1618 illustrate that while the antenna elements may be integrated within
the PUCB, these antenna elements are not necessarily located in the exact middle of the PCB,
but may nstead be asymmetrically positioned within the PCB 1610

(6070} In addition to the ground layer to which the proximal section 1642 of the
second horizontally oriented dipole antenna arm 1648 and the proximal section 1692 of the
lower vertically oriented dipole antenna arm 1696, the PCB 1616 may also include at least a
second ground plane on the opposite side of these striplines as the first ground plane. Each
of these ground planes, as well as any other horizontally extending ground planes, may be
connected to the vertically extending vias 1608 which form the vertical ground-plane-like
structure.  The inclusion of the vertically extending vias 1608 can, for example, improve the
front-to-back ratio of the antenna array.

[0071] FiG. 17 15 a perspective view illustrating another embodiment of a PCB
having a plurality of components supported on a first side thereof. Like the PCB 1210 of
FIG. 12, the PCB 1718 includes a distal portion 1768 at the free end 1714 of the PCB 1718
which 1s thicker than a proximal portion 1778 closer to the fixed end 1712 at which the PCB
1710 will be supported by a backplane.

[6072] In addition to a plurality of alternating horizontally and vertically oriented
dipole antenna elements embedded within the thicker distal portion 1760 of the PCB 1716
near the free end of the PCB 1718, the thicker distal portion 17690 also supports a number of
additional components. In particular, a pair of beamforming integrated circuits 1762a and

1762b are located on the thicker distal portion 1768 of the PCB 1710,
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[6073] Outward of the beamforming integrated circuits 1762a and 1762b and
mward of the embedded dipole antenna elements near the free end 1714 of the PCB 1710 are
a number of switches 1764, each of which 15 electrically connected between an embedded
dipole element and one of the beamforming ICs 1762a and 1762b. These switches 1764 may
be RF swiiches and can be used, for example, to operate the antenna array using time
division duplexing.

[0074] Connections between the various components of the PCB may be made
using a combination of vias and printed traces or other conductive structures.  Striplings
within the PCB 1718 may be phase-matched to assist with beamforming,

[0075] The PCB 1710 may also include spacers 1766 which can be used to
maintain a destred spacing between adjacent PCBs to provide and maimntain desired
dimensions for the resulting antenna array. This connection using spacers 1766 may be
purely mechanical, and may provide precise arrangement of the dipole elements in the
overall antenna array without the need to also provide complex electrical connections from
the PCB 1718 to an antenna array substrate.

[8076] In addition to the components supported by the thicker distal portion 1760
of the PCB 17108, the proximal portion 1778 also supports a plurality of components. In the
tllustrated embodiment, the proximal portion includes various components including
connectors 1772 which can be used to electrically connect components of PCB 1710 to a
backplane and other operational componenis of the antenna array supported to or connected
via the backplane. In addition, one or more thermal dissipation structures 1774 are disposed
on the thinner proximal portion 1778 of the PCB 1718,

[6077) The various components of the PCBs 1710, particularly the beamforming
ICs 1762a and 1762b, can generate substantial amounts of heat during operation. Because
the antenna array will include a plurality of PCBs 1718 in a parallel arrangement close to one
another, and because the overall spacing between the PCBs 1718 15 a function of the desired
spacing between the antenna elements in adjacent PCBs 1714, the spacing between PCBs
1710 cannot be directly adjusted to increase thermal dissipation of this heat generated by the
PCB components. However, by providing a PCB 1710 with a thicker portion and a thinner
portion, additional spacing may be provided to improve the thermal management of the

antenna array.
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[6078] The thicker portion of the PCB can be dimensioned to accommodate the
height of the vertically oriented dipole antenna element and any additional structures, and the
thinner portion of the PCB 1718 can accommodate the height of the thermal dissipation
structure 1774, This can allow the use of thermal dissipation structures 1774 having taller
fins or similar heat-dissipation structures, as well as provide clearance between the thermal
dissipation structure 1774 and an adjacent PCB, mmproving auvflow and convective heat
transfer.

6079} In addition, in the illustrated embodiment, most or all of the components
supported by the PCB are disposed on a single face of the PCB. In particular, the illustrated
embodiment includes a single generally planar face extending the length of the PCB which
supports all of the PCB components which extend substantially outward from the face of the
PCB. The opposite side of the PCB includes two substantially planar surfaces, one on the
back of the thicker portion and one on the back of the thinner portion. These substantially
planar surface can also improve auflow along the PCB, improving conductive heat transfer
away from the PCB.

(6080} In the PCB dlustrated m FIG, 16C, the striplines connecting the dipole
antenna elements to the signal are in the same plane as the printed components of the dipole
antenna elements. In other embodiments, however, such as the embodiment of FIG, 17 in
which the beamforming ICs and switches are located on the upper surface of the PCB, at
least a portion of the signal lines connecting the beamforming ICs and switches to the
embedded dipole antenna elements may be located at or near the upper surface of the PCB.
Because the printed portions of the dipole antenna elements are located near the vertical
midpoint of the PCB, one or more additional vias can be used to place the signal lines m
electrical communication with the embedded dipole antenna elements.

[6081] FiG. 18 s a top plan view schematically illustrating an alternative
embodiment of a via arrangement in which a portion of the signal lines are not coplanar with
the printed dipole components of the embedded dipole antenna elements. In particular, FiG.
18 schematically illustrates certain via placement for four adjacent dipole antenna elements,
two horizontally oriented, and two vertically oriented. A via 1888 can be used to provide a
vertical connection with a proximal section 1892 of a lower arm of a vertically-oriented

embedded dipole antenna element. The distal section 1894 of the lower arm of the
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vertically-oriented embedded dipole antenna element 13 placed 1o communication with the
signal line using the via 1888

[0082] Similarly, a via 1848 can be used to provide a vertical connection with a
proximal section 1842 of a second arm of a horizontally-oriented embedded dipole antenna
element. The distal section 1844 of the second arm of the horizontally-oriented embedded
dipole antenna element 15 placed in communication with the signal line using the via 1848,

[0083] In some embodiments, the portions of the vertically-oriented embedded
dipole antenna element and horizontally-oriented embedded dipole antenna element
connected to ground planes may be connected in-plane, while in other embodiments,
additional vias may also be used in the formation of these connections.

[6084] The via arrangement also mcludes a plurality of vertically extending vias
1808 surrounding each of the vias 1848 and 1888 These vertically extending vias 1808 may
serve the same purpose as the vias 1708 of the PCB 1710 of FI{., 17A, connecting ground
planes and functioning as a contigucus orthogonal ground plane to improve the front-to-back
ratio of the antenna array. As can be seen in FEG. 18, these vias 1808 need not be aligned
with one another, but can be located at various distances from the end of the PCB.

[0085] FiG., 19 s a cross-sectional view schematically illustrating an
embodiment of a layer stack which can be used to fabricate a PCB such as the PCB 1716 of
FEG. 17 The layer stack 1988 includes a top overlay 1962 over a top solder layer 1906, and
a bottom overlay 1904 over a bottom solder layer 1908, Between these layers are conductive
layers 1911 through 1928, each of which 1s spaced apart from one another by at least one of
dielectric layers 19360 through 1948 Layers 1911 through 1918, and the intervening layers
form the thin portion of the PCB, along with top overlay 1902 and top solder layer 1906,
while all of the layers are present in the thick portion of the PCB.

[6086] Layer 1911 may be a top conductive layer, and layers 1912 and 1914 may
be ground planes. Layer 1213 may be used for a combination of power and signal. Layer
1915 may also be used to provide power. Layer 1918 may be used for a combination of
power and ground. Layers 1916 and 1917 may be used to provide a combination of ground

and signal.
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[6087] In some embodiments, layers 1912 through 1917 may be formed first, and
patterned, drilled, etched, or otherwise modified to form through vias 1952 and vias 1962
connecting structures within layer 1912 to structures within layer 1913

[0088] Layers 1911 and 1918 may then be formed on respective sides of the
existing structure, and patterned, drilled, etched, or otherwise modified to form through vias
1934 and vias 1964 connecting structures within layer 1911 to structures within layer 1912,
In some embodiments, the through vias 1984 may form the grounded vertical sections of
embedded vertically onented dipole antenna elements.

[0089] Layers 1919 through 1926 may be formed as a separate structure, and
patterned, drilled, etched, or otherwise modified to form through vias 1972, which may form
the signal-connected vertical sections of embedded vertically orented dipole antenna
elements.

[8090] Then, the two structures may be brought together, and patterned, dnilled,
etched, or otherwise modified to form through vias 1974 extending through all of the
conductive layers and which may serve as the vias which function as an orthogonal ground
plane, as well as through vias 1976 which may form be used to connect signal lines to the
signal~-connected portions of the embedded dipole antenna elements. This may include the
use of a backdrill process.

[6091] In some embodiments, copper may be used as the conductive matenal,
although v other embodiments, other suitable materials may also be used. Any suitable
dielectric material may be used to form the dielectric layers, and the various dielectric layers
may be formed from different dielectric materials in the same printed circust board.

[06092] FIG. 20A 15 a top plan view of a PCB such as the PCB 1700 of FIG. 17,
itlustrating certain vias and conductive traces formed between various components. FiG,
288 15 a bottom plan view of the PCB of FIG. 20A. As discussed above, 1t can be seen
the llustrated embodiment that the majority of the components supported by the PCB are
supported on the top surtace visible in FIG. 208A, and that the bottom generally planar
surfaces visible in FIG. 20B are generally devoid of any structures supported thereon.

[8093] In the foregoing description, specific details are given to provide a
thorough understanding of the examples. However, 1t will be anderstood by one of ordinary

skill in the art that the examples may be practiced without these specific detals. Certamn
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embodiments that are described separately herein can be combined in a single embodiment,
and the features described with reference to a given embodiment also can be nuplemented n
multiple embodiments separately or in any suitable subcombination. In some examples,
certain structures and techniques may be shown in greater detail than other structures or
techniques to further explain the examples.

[0094] The previous description of the disclosed embodiments is provided to
enable any person skilled in the art to make or use the present invention. Various
modifications to these embodiments will be readily apparent to those skilled m the art, and
the generic principles defined herein may be apphied to other embodiments without departing
from the spirit or scope of the invention. Thus, the present invention is not intended to be
limited to the embodiments shown herein but is to be accorded the widest scope consistent

with the principles and novel features disclosed herein.
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WHATIS CLAIMED IS;

1} Anantenna array, comprising;

a backplane; and

a plurality of printed circuit boards supported at a first edge by the backplane,
the plurality of printed curcuit boards arranged parallel to and spaced apart from one
another, each of the plurality of printed circuit boards including a linear array of
dipole antenna elements arranged along a second free edge of the printed circuit
board opposite the first edge of the printed circuit board, the linear arrays of dipole
antenna elements on each of the plurality of printed circuit boards cooperating with

one another to form a two-dimensional array of printed circutt boards,

2) The antenna array of Claim 1, wherein the printed circuit boards are orthogonal to

the backplate.

3) The antenna array of Claim 1 or 2, wherein each of the plurality of printed circuit
boards supports a bearmforming mtegrated circuit operably connected to at least a portion of

the linear array of dipole antenna elements.

4y The antenna array of Claim 3, wherein each of the plurality of printed circuit
boards supports a second beamforming integrated circuit operably connected to at least a

portion of the hnear array of dipole antenna elements.

5) The antenna array of Claim 3 of 4, wherein each of the plurality of printed circuit
boards supports a plarabity of switches, each of the plurality of switches arranged between
the beamforming integrated circuit and a dipole antenna element of the linear array of dipole

antenna elements.

6} The antenna array of any of Claims 1 to 5, wherein each of the plurality of printed
circuit boards mcludes a first portion proximate the backplane and having a first thickness
and a second portion proximate the second edge of the printed circuit board and having a

second thickness greater than the first thickness.
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7) The antenna array of Claim 6, wherein each of the plurality of printed cucuit
boards includes a thermal dissipation structure supported by the first portion of the printed

circuit board.

8} The antenna array of Claim 7, wherein the thermal dissipation structure includes a

plurality of fins.

9} The antenna array of any of Claims 6 to 8, wherein the linear array of dipole
antenna elements 15 at least partially embedded within the second portion of the printed

circuit board.

10) The antenna array of any of Claims 6 to 9, wherein the linear array of dipole
antenna elements includes a first subset of dipole antenna elements ortented in a first

direction and a second subset of dipole antenna elements oriented in a second direction.

11} The antenna array of Claim 10, wherein the first subset of dipole antenna
elements are horizontally oriented and include a pair of parallel, non-coplanar sections, and
wherein the second subset of dipole antenna elements are vertically ortented and include a

pair of axially aligned vias spaced apart from one another.

12} The antenna array of Claim 10 or 11, wherein the dipole antenna elements of the
first subset of dipole antenna elements alternate with the dipole antenna elements of the
second subset of dipole antenna elements along the length of the hinear array of dipole

antenna elements.

13) The antenna array of any of Claims 1 to 12, wherein each of the plurality of
printed circuit boards further comprises:
a ground plane oriented substantially parallel to a major surface of the printed

circutt board; and
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a plurality of conductive vias oriented orthogonally to the ground plane and

connected to the ground plane.

14) The antenna array of Clamm 13, wherein the plurality of conductive vias are
arranged 1n a pattern extending generally parallel to the second edge of the circuit board, and
wherein the linear array of dipole elements are located between the plurality of conductive

vias and the second edge of the printed circuit board.

15} A printed circutt board configured to cooperate with a plurality of printed circuit
boards to form a two-dimensional array of antenna elements, the printed cucuit board
comprising;

a first section proximate a first edge of the printed circuit board, the printed
circuit board configured to be supported at first edge of the printed circuit board by a
backplane, the first section having a first thickness,

a second section proximate a second edge of the printed circuit board, the
second edge of the printed circuit board having a second thickness greater than the
first thickness;

a linear array of dipole antenna elements embedded at least partially within
the second section of the printed circuit board adjacent the second edge of the printed
circuit board;

beamforming circuttry supported by the printed circuit board and in electrical
communication with the linear array of dipole antenna elements; and

a thermal dissipation structure supported by the first section of the printed

circutt board.

16} The printed circuit board of Claim 15, wherein the linear array of dipole antenna
elements comprises a plurality of horizontally-oriented dipole antenna elements alternating

with a plurality of vertically-oriented dipole antenna elements.

17} The printed circuit board of Claim 16, wherein the plurality of vertically-oriented

dipole antenna elements comprises a plorality of vertically-extending dipole wvias, and
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wherein the printed circuit board further comprises a plurality of vertically-extending ground
vias, the vertically-extending dipole vias located closer to the second edge of the printed

circuit board than the vertically-extending ground vias.

18) An antenna array comprising a plurality of printed circuit boards configured to
cooperate with one another to form a two-dimensional array of antenna elements, each of the
plurality of printed circuit boards comprising:

a first section proximate a first edge of the printed circuit board, the printed
circuit board configured to be supported at first edge of the printed circuit board by a
backplane, the first section having a first thickness,

a second section proximate a second edge of the printed circuit board, the
second edge of the printed circuit board having a second thickness greater than the
first thickness: and

a thermal dissipation structure supported by the first section of the printed

circuit board.

19} The antenna array of Claim 18, wherem each of the printed circuit boards further
comprises a linear array of dipole antenna elements embedded at least partially within the
second section of the printed circuit board adjacent the second edge of the printed circuit

board.

20) The antenna array of Claim 18 or 19, wherein each of the printed circuit boards
further comprises beamforming circuttry supported by the printed circuit board and in

electrical communication with the linear array of dipole antenna elements
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