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FOAM RADIATOR

This application claims priority of U.S. Provisional Patent
Application Serial No. 62/362,108, filed July 14, 2016, the
disclosure of which 1s incorporated by reference 1in its

entirety.

This 1invention was made with Government support under
Contract No. FA8721-05-C-0002, awarded by the U.S. Air

Force. The government has certain rights in the invention.

Field

This disclosure relates to notch, tapered, horn and
flared slot radiating antennas, and more particularly to
radiating antennas that are made using a foam or foam-like

material.

Background

Array antennas are used for a variety of different
applications. Array antennas may be constructed using a
plurality of three-dimensional (3D) antennas. In certain
embodiments, the 3D antennas may comprise notch antenna
elements. The term “notch antenna” is intended to include
tapered and flared elements, such that the shape is not
limited by this disclosure. Each notch antenna element
includes an electrically conductive body, referred to as a
notch radiator element, which has a slot. The slot
separates the notch radiator element into two prongs. One

of the prongs may be grounded while the other prong is
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energized by an RF signal. In general, the energized prong
conveys energy from a feed port into free space or air, or
visa-versa. The feed port may have a characteristic
impedance relative to the system impedance for maximum
power transfer. The propagating signal leaving the feed
port, transitions to a low profile stripline feed located
under the tuned gap between the energized prong and the
other prong. This gap is optimized with other dimensions to
result in wideband operation. The low profile stripline
transmission line conveys energy 1into the notch slot and
then into free space or air. The antenna feed port may
convey energy to and from the antenna system at its
characteristic impedance. Typically, the input port 1is
external to the antenna stackup for connectivity to other
system hardware. However, this port may be embedded within
the stackup as an integral part of the system feed network.
Between this port and the radiating element are a wvariety
of possible architectures creating a characteristic

impedance match over the desired operational frequency band.

These notch antennas may be combined to form ultra-
wideband array systems. Ultra-wideband low loss phased
array systems are desired in the cellular, telemetry and
military applications. Use of this technology 1n these
areas allow greater flexibility in achieving compact low

cost higher power designs.

However, since, in this type of array, since there may
be a large number of notch antennas, the weight of such
arrayed radiators may become considerable since the

radiators are an all metal structure.
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Therefore, 1t would be Dbeneficial 1f there were a
notch antenna that had the same performance characteristics
as traditional metal antennas, but weighed significantly
less. Further, it would be advantageous if this system was

also cost effective, robust and easy to manufacture.

Summary

A novel system and method for creating a lightweight
antenna 1is disclosed. Each 1lightweight antenna is formed
using a foam material. This foam material is coated with a
machinable material, which 1s machined to the desired
dimensions. The machinable material 1is then plated with a
metal. This <creates a radiator that has the size and
performance of traditional notch antennas, but weighs far
less. This foam radiator may be mounted to a wvariety of
substrate types, not limited to microwave laminate
materials. Embodiments of mixed substrates or even multi-
layered foam substrates are possible. The substrate may be
a conventional printed circuit board (PCB), a PCB with
sleeved coaxial vias, or a foam substrate. The lightweight
antenna may be wused in a plurality of applications,
including ultra-wideband array systems and space-based

applications.

According to one embodiment, an antenna system is
disclosed. The antenna system comprises a foam radiator
comprising an interior made of a foam material and a
conductive exterior. In certain embodiments, the antenna
system further comprises an intermediate layer disposed

between the interior and the conductive exterior. In
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certain embodiment, the intermediate layer comprises a

machinable material, which coats the foam material, and the

conductive exterior comprises a metal plating.

According to another embodiment, a met

hod of forming a

foam radiator is disclosed. The method comprises forming a

foam material in a basic shape of a desired antenna;

coating the foam material with a machinable material;

machining the machinable material to precise dimensions

required by desired antenna; and plating

the machinable

material with a metal. In certain embodiments, the metal

comprises nickel, copper or gold. In cert

ain embodiments,

the entirety of the foam material 1is coated with the

machinable material.

According to another embodiment, an antenna system is

disclosed. The antenna system comprises
comprising an interior made of a foam

conductive exterior, wherein the foam radia

a foam radiator
material and a

tor is formed as

a flared, horn or notch antenna having a grounded prong and

an energized prong separated by a slot; and a substrate on

which the foam radiator is disposed. In certain embodiments,

a ground plane 1is disposed on the top

surface of the

substrate in regions where the foam radiator is disposed.

In certain embodiments, the substrate comprises a signal

trace that traverses a region beneath the s
ground plane; and a vertical space between
and the embedded ground plane. In certain
substrate comprises at least three layers,

one of the layers comprises a foam material.

lot; an embedded
the signal trace
embodiments, the

wherein at least
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Brief Description of the Drawings

For a better understanding of the present disclosure,
reference is made to the accompanying drawings, which are
incorporated herein by reference and in which:

FIG. 1A shows a foam radiator according to a first
embodiment;

FIG. 1B shows a foam radiator according to a second
embodiment;

FIG. 2 shows a sequence that may be used to fabricate
the foam radiator of FIGs. 1A-1B;

FIG. 3A shows a cross section of the foam radiator of
FIG. 1A according to one embodiment;

FIG. 3B shows a cross section of the foam radiator of
FIG. 1A according to a second embodiment;

FIG. 4 shows the foam radiator mounted to a printed
circuit board;

FIG. 5 shows the foam radiator mounted to a printed
circuit board having a sleeved coaxial via;

FIG. 6 shows the foam radiator mounted to a printed
circuit board, which is mounted on a foam layer;

FIG. 7 shows the foam radiator mounted to a printed
circuit board, which 1is mounted on a foam layer having a
sleeved coaxial via;

FIG. 8A-8B shows a single foam layer according to two
embodiments;

FIG. 9 shows a sequence that may be used to fabricate
the foam radiator of FIG. 8;

FIG. 10 shows the foam radiator mounted on a multi-

layer foam circuit board;
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FIG. 11 illustrates a sequence that may be used to
fabricate the multi-layer foam circuit board of FIG. 10
according to one embodiment;

FIG. 12 illustrates a sequence that may be used to
fabricate the multi-layer foam circuit board of FIG. 10
according to another embodiment; and

FIG. 13 illustrates a sequence that may be used to
fabricate the multi-layer foam circuit board of FIG. 10

according to another embodiment.

Detailed Description

The present disclosure describes a foam radiator which
may be used as a notch, flared, horn or Vivaldi antenna.
The foam radiator may be mounted to a variety of substrate
types, not limited to microwave laminate materials.
Embodiments of mixed substrates or even multi-layered foam
substrates are possible. In some embodiments, the substrate
is a traditional printed circuit board. However, 1in other
embodiments, the substrate may comprise a foam material,

further reducing the weight of the entire assembly.

FIG. 1A shows a foam radiator 10 mounted to a
substrate 20 according to a first embodiment. In this
embodiment, the foam radiator 10 is formed as a flared or
Vivaldi antenna. The foam radiator 10 has a slot 11 that
separates the foam radiator 10 into an energized prong 10B
and a grounded prong 10A. The shape of the slot 11 is not
limited by this disclosure and may be as shaped in FIG. 1A

or may be any other shape.
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FIG. 1B shows a foam radiator 10 mounted to a
substrate 20 according to a second embodiment. In this
embodiment, the foam radiator 10 1is formed as a notch
antenna. FIG. 1B shows the slot 11 as having three distinct
steps, where the distance between the grounded prong 10A
and the energized prong 10B is different for each step.

However, the slot 11 may have any number of steps.

In both embodiments, the foam radiator 10 is mounted
to a substrate 20. As described above, the substrate 20 may
be a traditional printed c¢ircuit board, or may be a

structure that includes a foam material.

Additionally, there 1s an attachment mechanism that
attaches the substrate 20 to the foam radiator 10. 1In
certain embodiments, this attachment mechanism may be a
conductive adhesive that 1s disposed between the top
surface of the substrate 20 and the bottom surface of the

foam radiator 10.

Each component of the FIGs. 1A-1B will now Dbe

described in greater detail.

In certain embodiments, the foam radiator 10 may
comprise three layers. The innermost layer, or interior,
provides the basic shape and structure of the antenna. This
innermost layer 1is a structural foam material, such as
Rohacell®. This structural foam material 1is a material
formed by trapping gas within a solid. This process may be
used to <create a material having open cells, which 1is
defined as a material having 50% or more of the cells open,

or connected to one another. Alternatively, this process
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may be used to create a material having closed cells, which
refers to a material where at least 90% of the cells are
discrete pockets of gas. In certain embodiments, the foam
material has more than 50% gas. In certain embodiments, the
foam material may have more than 75% gas. In certain
embodiments, the foam material may have at least 90% gas.
Further, the high ratio of gas to solid also affects other
parameters of the foam material. For example, the density
of the material may be less than .5g/cc because of the
large amount of gas. In certain embodiments, the density
may be less than .l1g/cc. Additionally, Dbecause of the
amount of gas in the foam material, its dielectric constant
may approach that of air. For example, in certain
embodiments, the dielectric constant of the foam material
may be less than 2.0. In certain embodiments, the
dielectric constant may be less than 1.5. In certain
embodiments, the dielectric constant may be less than 1.25.
In certain embodiments, the foam material may have a
dielectric constant within 10% of that of air. In addition
to the attributes of the foam material which result from
its high gas content, the foam material may preferably have
other properties. For example, the foam material may be
strong enough to support drilling and other PCB processes.
Also, the foam material may preferably have a high thermal
temperature so that it can endure processing better, since
some of the processes described herein use an elevated

temperature.

Advantageously, the foam material may be over 150

times lighter than aluminum.
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The foam material 1s then coated with a machinable
material. This machinable material is selected so that it
may Dbe machined with fine ©precision. Further, the
machinable material must be able of being plated. Any
material that is capable of performing these functions may
be used, including Taiyo UVHP-100 or another material. The

machinable material is then plated with a metal.

FIG. 2 shows the process of creating the foam radiator
10. FIG. 3A shows a cross-section of the foam radiator 10
shown 1in FIG. 1A according to one embodiment. First, the
foam material 15 1is formed in the basic shape that is
desired, as shown 1in Process 100. This may be done by
machining, thermal forming or some other process. In
certain embodiments, the part may be extruded or molded.
Since the foam material 15 has high porosity, the outer
surface may not be smooth. Thus, in some embodiments, the
foam material 15 is formed in a shape and size that is
somewhat smaller than the desired final size. FIGs. 3A-3B
show an exaggerated view of the Jjaggedness of the foam
material 15. In some embodiments, the dimensions of the
slot 11 are a function of the wavelength of the signal to
be transmitted. Thus, higher frequency signals have very
small wavelengths and very precise tolerances on the
dimensions of the slot 11. For example, the dimensional
tolerance of the slot 11 may be required to be within
12.5um. This tolerance may increase or decrease depending
on frequency band, bandwidth and scan volume desired for a
required input impedance match. Since the foam material 15
cannot be machined to this level of precision, it 1is coated
with a machinable material 16, as shown in Process 110. As

described above, the machinable material 16 1is capable of
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being machined, and 1is <capable of being plated. This
machinable material 16 coats the entirety of the foam
material 15. It is then machined to the precise dimensions
required by the particular application, as shown in Process
120. Note that, as shown in FIG. 3A, the machinable
material 16 compensates for the surface roughness of the
foam material 15, =such that the outer surface of the
machinable material 16 can be machined to precisely reflect
the desired shape. Specifically, the outer surface of the
machinable material 16 may be the desired size minus the
plating thickness. After machining, the machinable material
16 is plated with a metal 17, as shown in Process 130. This
metal 17 may be nickel, copper, gold or any other suitable
metal or other conductive material. After the plating
operation, the foam radiator 10 is complete. It now has the
desired shape and dimensions and is completely covered by a
conductive metal. It can now be bonded to a substrate, as
shown in Process 140. The foam radiator 10 may be bonded
to the substrate using a pressure sensitive adhesive (PSA),
a conductive adhesive, such as CF3350, COOLSPAN TECA or a
similar material, or a conductive or non-conductive paste.
The foam radiator 10 may be bonded using, for example, a
PSA, an epoxy film adhesive, an epoxy paste adhesive, a

cyanate ester paste adhesive or a c¢yanate ester film

adhesive.

FIG. 3B shows the foam radiator 10 according to
another embodiment. In this embodiment, a machinable
conductive material 18 is employed. As an example,

materials such as LOCTITE® EDAG 1415M and 503 may be used.
Of course, other materials that are both machinable and

conductive, may be used. Because this material 1is Dboth

10
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machinable and conductive, there 1s no need to apply a
separate machinable material 16 and metal 17. Thus, Process
130 of FIG. 2 may be omitted in this embodiment, since the
machinable conductive material 18 does not need to be
plated. In this embodiment, the machinable conductive
material 18 is machined to the precise dimensions of the

desired size.

In yet another embodiment, the configuration shown in
FIG. 3B may be used with an additional primer layer. For
example, the primer layer may be used simply tTo coat the
foam material 15. The machinable conductive material 18 may
then be disposed on the primer layer. This embodiment may
be used if the machinable conductive material 18 is caustic

to the foam material 15.

In certalin embodiments, an additional primer layer may
be used with the configuration shown in FIG. 3A. In such an
embodiment, the primer layer 1s disposed between the foam

material 15 and the machinable material 16.

Thus, in both embodiments, the foam radiator 10
comprises an interior constructed of a foam material that
is surrounded by a conductive outer surface, which may be
metal. In the embodiment of FIG. 3A, an intermediate layer
made of a machinable material 16 may be disposed between
the foam interior and the conductive exterior. In the
embodiment of FIG. 3B, the conductive outer surface 1is

applied directly to the foam interior.

Having described the foam radiator 10, the description

of suitable substrates will follow.

11
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FIG. 4 shows the foam radiator 10 mounted to a
traditional printed circuit board (PCB) 200. The spacing
between the foam radiator 10 and the PCB 200 1s exaggerated
to better illustrate the system. Similarly, the traces on
the bottom surface 201 of the PCB 200 are spaced from the
bottom surface 201 for clarity. The PCB 200 may have a
plurality of 1layers. Further, the PCB 200 may have a
plurality of wvias that extend from the bottom surface 201
of the PCB 200 to the top surface 202 of the PCB 200. In
some embodiments, these vias extend through an entirety of
the PCB 200, such as vias 210, 211. In certain embodiments,

the vias may be hidden or blind vias, such as via 212.

The foam radiator 10 is grounded. In this embodiment,
the via 210 is used to connect a ground plane 220 to one or
more connection points 230 on the top surface 202. An
embedded ground plane 250 may extend across an entirety of
the PCB 200. An opening 1s formed in the embedded ground
plane 250 to allow the wvia 212 to pass from the top surface
202 to the bottom surface 201.

In certain embodiments, a ground plane may be formed
on the top surface 202 of the PCB 200 in all locations
where the foam radiator 10 will be disposed. In this
embodiment, the ground plane does not extend in the area

that defines the slot 11.

Via 211 is used to connect ground plane 220 to one or
more connection points 232. Vias 210, 211 also connect
ground plane 220 to embedded ground plane 250. Conductive

adhesive may be used to structurally and electrically

12
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connect the connection points 230, 232 to the foam radiator
10. In certain embodiments, a non-conductive adhesive or
pressure sensitive adhesive may be used to structurally
connect the top surface 202 to the foam radiator 10. This
non-conductive adhesive would have a relief at the
connections points so that it does not cover the connection
points 230, 232, which must be electrically connected to
the foam radiator 10 using some other conductive means such
as a conductive paste or adhesive. The grounded prong 10A
and the energized prong 10B are grounded using vias 210,

211, respectively.

An RF signal passes through a signal trace 221. As
stated above, in certain embodiments, a ground plane 1is
disposed Dbeneath the signal trace 221. For example,
embedded ground plane 250 may extend beneath signal trace
221. An opening is formed in the embedded ground plane 250
to allow the signal trace 221 to connect to connection
point 231. This signal trace 221 1s electrically connected
to a connection point 231 on the top surface 202 using via
212, which includes an embedded signal trace 213. As noted
above, via 212 may be a blind wvia, a hidden wvia or a
traditional via. In certain embodiments, the embedded
signal trace 213 travels beneath the slot 11 and parallel
to the top surface 202 t¢ enable efficient coupling <of the
R¥ zignal fo be transmitted from the foam radiator 10. This
connection point 231 may electrically connected to the
energized prong 10B using a conductive adhesive. This
connection point 231 is preferably beneath the energized
prong 10B near the slot 11. This embodiment uses separate
vias 210, 211 to supply ground to the foam radiator 10.

However, other embodiments are also possible.

13
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In some embodiments, alignment holes may be used to
align the foam radiator 10 and the substrate. In certain
embodiments, the alignment holes are also used to align the

various layers that comprises the substrate.

As shown in FIG. 5, in certain embodiments, the via
212 may be a sleeved coaxial via. A sleeved coaxial via has
a center conductive trace 241 which 1is surrounded by a
dielectric material 242. The dielectric material 242 1is
then surrounded by a conductive outer sleeve 243. The
conductive outer sleeve 243 may be connected to the ground
plane 220. The conductive outer sleeve 243 may also be
connected to the embedded ground plane 250 and connection
point 230 or other connection point that 1is connected to
ground. A notch 245 may be created in the conductive outer
sleeve 243 to allow the signal trace 221 to connect to the
center conductive trace 241. This configuration may provide
added isolation and or more precise coaxial impedance and
may allow higher signal transmission performance for the RF
signal that 1is travelling through the center conductive
trace 241. As described above with respect to FIG. 4, in
certain embodiments, the embedded signal trace 213 travels
beneath the slot 11 and parallel to the top surface 202 to
enable efficient coupling of the RF signal to be
transmitted from the foam radiator 10. Also, electrical
traces or a patterned ground plane may be formed on the top
surface 202 and bottom surface 201 of the PCB 200. In
certain embodiments, the electrical traces may be a
metalized footprint of the foam radiator in the top metal
layer leaving the gap and via points open. The conductive

bonding layer may be a ‘preform’ made from the CF3350 or

14
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similar material. A preform is a resulting laser or die cut
image or some other cut method of the area that needs to
make connectivity between the foam radiator 10 and PCB 200.
This material may be 4 mils thick or another thickness
depending on the design. The other components of FIG. 5 are
identical to those shown in FIG. 4 and are not described

again.

Thus, FIGs. 4-5 illustrate a substrate which comprises
a PCB 200. The electrical connections from the PCB 200 to
the foam radiator 10 may be made using traditional vias, as

shown in FIG. 4, or using sleeved coaxial wvias, as shown in

FIG. b.
FIG. 6 shows the foam radiator 10 mounted to a
different substrate. In this embodiment, the substrate

includes a PCB 200, similar to that shown in FIG. 4, a foam
layer 300, and a second PCR 260. The foam layer 300 may be
constructed from the same material as the foam radiator 10,
and may have the same properties as that material. In other
embodiments, the foam layer 300 may be made from a
different material than the foam radiator 10. The PCB 200
is disposed between the foam layer 300 and the foam
radiator 10. The PCB 260 is disposed on the opposite side
of the foam layer 300. The foam layer 300 has three through
vias 310, 311, 312. Vias 310, 312 electrically connect the
vias 210, 211, to wvias 280, 281, respectively. Via 311
connects via 212 to via 282. A ground plane 270 may extend
along the entirety of the top surface of the PCB 260. This
ground plane 270 may have an opening in it to allow wvia 282

to connect to wvia 311. In other embodiments, the ground

15
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plane 270 may be a copper foil that is applied to the

bottom surface of the foam layer 300.

To create the vias 310, 311, 312, within the foam
layer 300, the following procedure may be used. First, a
hole is drilled through the foam layer 300. This hole is
then filled with a dielectric material 315, such as Taiyo
UVHP-100 or an equivalent. Another material having suitable
performance may also be used. The dielectric material 315
is used to fill the open cells in the foam layer 300,
thereby providing a smooth post machined surface on which
to plate. After the dielectric material 315 has filled the
hole, the foam layer 300 may be planarized to insure that

the dielectric material 315 is at the correct height.

The PCB 200 is then bonded to the top surface of the
foam layer 300. The PCB 260 is then bonded to the bottom
surface of the foam layer 300. The bonding agent may be a
pressure sensitive adhesive, a low temperature adhesive or
any other suitable agent and it may be conductive or non-
conductive depending on design. The PCB 200, PCB 260 and
the foam layer 300 may be baked under pressure with or
without wvacuum to cure the bond layers. In some embodiments,
the edges of the foam layer 300 may be sealed at this time
as well. To seal the edges, a coating may be applied before
or in a separate process after the baking process. In this
embodiment, the bonding agent and sealant coating may or

may not be conductive.

After the PCB 200, PCB 260 and the foam layer 300 have
been bonded together, a second hole is then drilled through
or partially through this assembly. This second hole has a

16
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smaller diameter than the one drilled earlier, and 1is
drilled through the dielectric material 315. In some
embodiments, the first hole and the second hole are
concentric. Thus, the second hole goes through the PCB 260,
the foam layer 300 and at least part of the PCB 200.

The holes that connect ground plane 220 to the
connection point 230, 232 are drilled through the entirety
of the stack. The hole that creates vias 282, 311 and 212
may also be drilled through the entirety of the stack and
then plated. At this point, a back drilling operation is
conducted to remove the extended top via stub left over
from the via plating process. This via may be removed to
near flush relation with the embedded signal trace 213 or
to some alternate height permitting acceptable radiator
performance. As an optional drilling process to create
these wvias 282, 311 and 212, a controlled depth drilling
process may be conducted, stopping the hole depth just
after penetration of embedded signal trace 213. The hole is

then plated and filled to create a central conductor 317.

In one embodiment, top and bottom artwork for PCB 260
is patterned prior to the bonding of PCB 260. If signal
trace 221 and ground planes 220 are not patterned prior to
bonding PCB 260 then they may be created at this time using

techniques known in the art.

As described above, conductive adhesive may be used to
structurally and electrically connect the connection points
230, 232 to the foam radiator 10. In certain embodiments, a
non-conductive adhesive or pressure sensitive adhesive may

be used to structurally connect the top surface 202 to the

17



10

15

20

25

30

WO 2018/022308 PCT/US2017/041837

foam radiator 10. This non-conductive adhesive would have a
relief at the connections points so that it does not cover
the connection points 230, 232, which must be electrically
connected to the foam radiator 10 by some means of
conductive medium. The grounded prong 10A and the energized
prong 10B are grounded using vias 210, 211, respectively.
The connection point 231 may electrically connected to the
energized prong 10B using a conductive adhesive or some
other conductive medium. This connection point 231 1is
preferably beneath the energized prong 10B near the slot 11.
Also, electrical traces or a patterned ground plane may be
formed on the top surface 202 and bottom surface 201 of the
PCB 200, 260. In certain embodiments, the electrical traces
may be a metalized footprint of the foam radiator in the
top metal layer leaving the gap and via points open. The
conductive bonding layer maybe a ‘preform’ made from the
CF3350 or similar material. A preform is a resulting laser
or die cut image or some other cut method of the area that
needs to make connectivity between the radiator and PCB.
This material may be 4 mils thick or another thickness

depending on the design.

The bonding agent used to attach the optional copper
foil to the bottom surface of the foam layer 300 and may be
conductive or non-conductive, and may be a ©pressure
sensitive adhesive or a low temperature adhesive. The
choice of bonding agent is a design specific implementation
and is not limited by this disclosure. Copper foil may be

used in any embodiment described herein.

Thus, FIG. 6 shows three layers, which each perform a

specific function. The PCB 200 is wused to allow the
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embedded signal trace 213 to traverse the region beneath
the slot 11. The foam layer 300 is used to provide vertical
spacing between the foam radiator and the ground plane 270.
PCB 260 1is used to provide ground plane 270 and the signal
trace 221 and ground planes 220 on the outer surface so
that they may be electrically attached to a connector or

other connection means.

While FIG. 6 shows three distinct layers, it is noted
that the PCB 200 of FIGs. 4 and 5 also perform all three of
these functions. In other words, while three separate
layers are used 1in some embodiments, 1in other embodiments

one layer may perform two or more of these functions.

FIG. 7 shows another embodiment which utilizes a PCB
260, a foam layer 300 and a PCB 200. In this embodiment, a
sleeved coaxial via 350 1s created in the foam layer 300.
This sleeved coaxial via 350 may Dbe formed using the
following procedure. Because embedded signal trace 213
exists, the PCB 200 may be a multiple layer board. Like the
embodiment of FIG. 6, the PCB 260 may have a ground plane
270 on 1its top surface and signal trace 221 and ground

plane 220 on its bottom surface.

In some embodiments, the foam layer 300 1is first
cleaned. The foam layer 300 may then be baked. Exposure to
high temperature may cause the foam layer 300 to shrink.
Note that the baking of the foam layer 300 may be performed
for any of the embodiments described herein. After the foam
layer 300 has been prepared, a hole is drilled through the
foam layer 300. This hole is then filled with a dielectric

material 315, such as Taiyo UVHP-100 or an equivalent. As

19



10

15

20

25

30

WO 2018/022308 PCT/US2017/041837

explained above, the dielectric material 315 1s used to
fill the open cells 1in the foam layer 300, thereby
providing a smooth machined surface on which to plate.
After the dielectric material 315 has filled the hole, the
foam layer 300 may be planarized to insure that the
dielectric material 315 is at the correct height.
Additionally, 1in some embodiments, alignment holes may also
be drilled into the foam layer 300. Note that the use of
alignment holes may be employed in any embodiment that
utilizes more than one layer or type of material. Alignment
holes may be drilled in the PCB 200 and the PCB 260 to

allow registration during the assembly process.

Next, a copper foil 360 may be bonded to the top
surface of the foam layer 300. Another copper foil may be
bonded to the bottom surface of the foam layer 300. The
bonding agent used to attach the copper foil 350 to the
foam layer 300 may be conductive or non-conductive, and may
be a pressure sensitive adhesive or a low temperature
adhesive. The choice of bonding agent is a design specific
implementation and 1s not limited by this disclosure.
Copper foil 360 may be used in any embodiment described
herein. Further, 1in certain embodiments, copper may be
applied to the top and/or bottom surfaces of the foam layer
300 using the sealing and plating method described above.

In other embodiments, the bottom surface of the PCB
200 and the top surface of the PCB 260 may be ground planes.
In this way, it may not be necessary to bond copper foil to
the foam layer 300. This embodiment may cause the drilling
operation of the sleeve to be more complicated. In either

embodiment, one or more embedded ground planes may be
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included in the assembly. These embedded ground planes may
be at the boundary between the foam layer 300 and the PCBR
200 and at the boundary between the foam layer 300 and the
PCB 260.

Next, a second hole is drilled through the foam layer
300. This second hole 1is aligned with the dielectric
material 315 previously used to fill a hole in the foam
layer 300. This second hole has a smaller outer diameter
than the first hole drilled through the foam layer 300, and
is preferably concentric with that larger diameter hole. As
such, there 1is dielectric material 315 surrounding the

second hole.

The second hole is then plated with a metallic
material to create an annular metal sleeve 319. The
metallic material may be a metal, such as copper. The
second hole 1s then filled with dielectric material 315
again, which 1is then planarized at the bottom surface of
the foam layer 300. Thus, at this time, there is an annular
metal sleeve 3192 running through the thickness of the foam
layer 300. Dielectric material 315 is disposed on both
sides of this annular metal sleeve 319 in the foam layer

300.

At this point, the PCB 200 and the PCB 260 may be
bonded to opposite sides of the foam layer 300. There are a
variety of methods that can be used to do this. A third
hole is then drilled through at least a portion of the PCR
200, the PCB 260 and foam layer 300. This third hole has a
smaller outer diameter than the second hole and 1is

preferably concentric with the first and second holes. This
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third hole may also be drilled through the entirety of the
stack and then plated. At this point, a back drilling
operation may be conducted to remove the extended top via
stub left over from the via plating process. This via may
be removed to near flush relation with the embedded signal
trace 213 or to some alternate height permitting acceptable
radiator performance. As an optional drilling process to
create these vias, a controlled depth drilling process may
be conducted stopping the hole depth just after penetration
of embedded signal trace 213. The hole 1is then plated and
filled to create a central conductor 317. At this point,
the annular metal sleeve 319 is electrically attached to
ground planes disposed on both sides of the foam layer 300.
As stated above, these ground planes may be surfaces of the

abutting PCBs or may be copper foil.

Signal trace 221 1is then formed on the bottom surface
of the PCB 260 and is in electrical communication with the
central conductor 317. The ground plane 220 may be
connected to one or more embedded ground planes and the
bottom of the foam radiator 10 wusing wvias 210, 211. 1In
another embodiment, these wvias are not used through the
foam layer 300, relying instead on electrical communication
between ground plane 220 on bottom surface of PCBR 260 and

the embedded ground planes and the annular metal sleeve 3109.

The foam radiator 10 may be electrically connected to
connection points 230, 231, 232 in the same manner as

described in FIG. 5.

Thus, FIGs. 6-7 illustrate a substrate which comprises

a PCB 200, a PCB 260 and a foam layer 300, where the PCB
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200 1is disposed between the foam radiator 10 and the foam
layer 300, and the PCB 260 1is disposed on the opposite side
of the foam layer 300. The electrical connections, referred
to as signal vias as in this case of communicating a signal
between signal trace 221 and foam radiator 10, may be made
using traditional wvias, as shown in FIG. 6, or using

sleeved coaxial vias, as shown in FIG. 7.

FIGs. 6-7 show the use of a foam layer as part of the
substrate. The following provides a more detailed
description of how a foam layer may be fabricated. FIG. 8A
shows a foam layer 400 having a plurality of wvias 410, 411,
412 extending therethrough. The foam layer 400 also
comprises a ground plane 420 and a signal trace 421
disposed on the bottom surface 401 and connection points
430, 431, 432 disposed on the top surface 402. FIG. 8B
shows a foam layer 450. In this embodiment, the foam layer
450 includes a top surface 452 and a copper foil 460

disposed on the bottom surface 451.

FIGs. B8A-8B are intended to show the variety of
geometries that can be formed on the top and bottom
surfaces of the foam layer. For example, connection points
430, 431, 432 may be formed on the top and/or bottom
surface of a foam layer. Similarly, signal ftraces 421 and
ground planes 420 may be formed on the top and/or bottom
surface of a foam layer. Additionally, a copper foil 460
may be disposed on the top and/or bottom surface of a foam
layer. These three geometries allow foam layers to be
stacked together to form any desired configuration. Other

combinations of signal traces and/or via geometries can be
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fabricated as are known 1in the art. Consequently, all

combinations are not listed herein.

FIG. 9 shows the sequence to produce the foam layer
400 shown in FIG. 8A. First, as shown in Process 800, the
foam 1is prepared. This may include baking and cleaning the
foam material. Next, as shown in Process 810, first holes,
which are intended to form wvias 410, 411, 412 are drilled
through the foam material. These first holes are then
filled with the dielectric material 415, as shown in
Process 820. Alignment holes may be drilled along with the
first via holes setting a fixed orientation and alignment
reference datum. These alignment holes may or may not be
plated by following the plating process depending on design.
The top surface 402, the bottom surface 401 and opticnally
the side surfaces may be coated with the machinable
material, as shown in Process 830 if they are to be plated.
Any surface that will not be plated may be sealed for
protection, as shown in Process 840. The top surface 402
and bottom surface 401 of the foam layer 400 may opticnally
be planarized, as shown in Process 850. Thus, at this point,
machinable material covers the foam material at each
location that metal plating will occupy. The top and/or
bottom surfaces of the foam material, as well as optionally
on the sides, are plated, as shown 1in Process 860. Next,
second holes are drilled through the dielectric material,
as shown 1in Process 870. These second holes may be
concentric with the first holes and are a smaller diameter.
Next, the second holes are plated as shown in Process 880.
This operation forms the center conductors 417 for the vias
410, 411, 412. Next, vias are plugged if needed, as shown

in Process 885. Next, the bottom surface 401 and/or top
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surface 402 of the foam material is patterned and plated to
form the signal trace 421 and the ground plane 420, as
shown in Process 890. In certain embodiments, top surface
402 may be plated near the center conductors 417 to Zform

the connection points 430, 431, 432.

The foam layer 450 shown in FIG. 8B may be fabricated
in a similar fashion. However, rather than plating the
bottom surface 451 (see Process 860), a copper foil 460 may
be bonded to this bottom surface 451. This creates a ground
plane. In certain embodiments, it is not necessary to coat
the bottom surface 451 (see Process 830) when a copper foil

is going to be bonded to that surface.

FIG. B8A-8B show foam layers 400, 450 that may be used
in the embodiments shown in FIGs. 6-7. However, other
embodiments are also possible. FIG. 10 shows a multi-layer
foam circuit board 750 formed from a first foam layer 500
and a second foam layer 600 and third foam layer 700. While
three foam layers are shown, it 1is understood that this
multi-layer foam c¢ircuit board may have any number of
layers. It is also understood that any combination of foam

and other laminate can be created but not discussed here.

The multi-layer foam circuit Dboard 750 includes
through vias, such as the one represented by vias 510, 610,
710 and by vias 512, 612, 712. The multi-layer foam circuit
board 750 may also 1include blind wvias, such as the one
represented by wvias 511, 611, 711. As 1s well known, a
blind wvia is a wvia that connects one outer layer to an
inner layer, but does not extend through the circuit board.

Furthermore, though not shown, multi-layer foam circuit
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board 750 may also include buried vias. Buried vias are
vias that connect two inner layers but do not extend to
either outer layer. FIG. 10 also shows the dielectric

material 515, 615, and center conductors 517, 617.

According to one embodiment, the multi-layer foam
circuit board 750 may be manufactured by fabricating first
foam layer 500, second foam layer 600 and third foam layer
700 in accordance with the process shown in FIG. 9. In this
embodiment, each via may need a pad to provide a connection
point to the corresponding via on the adjacent foam layer.
In other words, the first foam layer 500 1is fabricated
according to the process in FIG. 9 and has a top surface
502 with three connection points 530, 531, 532. The bottom
surface 501 of the first foam layer 500 also has three
connection points 535, 536, 537. Similarly, the second foam
layer 600 is fabricated using the process shown in FIG. 9.
During the fabrication of second foam layer 600, a signal
trace 630 is deposited on the top surface 602 of the second
foam layer 600. This signal trace 630 extends from the top
of via 611 to the location where connection point 536 will
contact the top surface 602 when the two foam layers are
attached to one another. Alternatively, this signal trace
630 may be deposited on the bottom surface 501 of first
foam layer 500. Additionally, connection points 635, 636
and 637 may be formed on the bottom surface 601 of the
second foam layer 600. The top surface 702 of third foam
layer 700 may be bonded to a copper foil 740. An opening is
made in the copper foil 740 so that connection point 636 is
not connected to the copper foil 740. In a different
embodiment, the top surface 702 is coated and plated to

form a plated ground plane on the top surface 702. On the

26



10

15

20

25

30

WO 2018/022308 PCT/US2017/041837

bottom surface 701, signal trace 721 and ground planes 720

are formed.

After all foam layers are fabricated, they may be
attached to one another. A conductive adhesive is applied
to the connection points 535, 536 and 537. When the first
foam layer 500 1is placed on top of the second foam layer
600, via ©10 is electrically connected to via 510, via 612
is electrically connected to wvia 512 and via 611 1is
electrically connected to wvia 511. When the second foam
layer 600 is placed on top of the third foam layer 700, via
610 1is electrically connected to wvia 710, wvia 612 is
electrically connected to via 712 and via 611 is
electrically connected to via 711. Thus, in this embodiment,
each foam layer 1is assembled and then bonded with
conductive adhesive. No post bonding drilling or plated may

be needed.

The process of manufacturing a multi-layer foam
circuit board according to this embodiment is shown in FIG.
11. As described above, the first foam layer 500 is
processed in accordance with the sequence shown in FIG. 9,
as shown in Process 9200. This includes adding signal traces
and/or ground planes on the top surface 502 and the bottom
surface 501. The second foam layer 600 is then processed in
accordance with the sequence shown in FIG. 9, as shown in
Process 910. The third foam layer 700 is then processed in
accordance with the sequence shown in FIG. 9, as shown in
Process 920. Note that the order of Process 900, Process
910 and Process 920 is not important, the second foam layer
600 or the third foam layer 700 may be processed before or

simultaneous with the processing of the first foam layer
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500. When these processes are completed, the top surface
502 of the first foam layer 500 may have a plurality of
connection points which will be used to attach to the foam
radiator 10. The bottom surface 501 of the first foam layer
500 may also have a plurality of connection points that are
intended to connect to corresponding connection points on
the top surface 602 of the second foam layer 600. The
bottom surface 601 of the second foam layer 600 may also
have a plurality of connection points that are intended to
connect to corresponding connection points on the top
surface 702 of the third foam layer 700. The bottom surface
701 of the third foam layer 700 may have signal traces

and/or ground planes. Conductive material, such as a
conductive adhesive 1is then disposed on the connection
points on the bottom surface 501 of the first foam layer
500 and/or the top surface 602 of the second foam layer 600.
Additionally, conductive material 1s also disposed on the

connection points on the bottom surface 601 of the second
foam layer 600 and/or the top surface 702 of the third foam
layer 700, as shown in Process 930. The three foam layers

are then attached, as shown in Process 940. The connection
points on the bottom surface 501 of the first foam layer
500 align with the connection points on the top surface 602

of the second foam layer 600 and an electrical connection
is made between corresponding connection points. Similarly,

the connection points on the bottom surface 601 of the

second foam layer 600 align with the connection points on
the top surface 702 of the third foam layer 700 and an
electrical connection is made between corresponding
connection points. At completion, the connection points on

the top surface 502 of the first foam layer 500 align with
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the metalized regions on the bottom surface of foam

radiator 10.

FIG. 11 shows one approach that may be used to
fabricate the multi-layer foam circuit board 750 shown in

FIG. 10. However, other approaches may be used.

FIG. 12 1illustrates the fabrication process of the
multi-layer foam circuit board 750 according to another
embodiment. As explained above, the multi-layer foam
circuit board 750 may have through vias, blind vias and
buried vias. Through vias are those that extend through all
of the layers of the multi-layer foam circuit board 750.
Consequently, these through vias may be added after the
foam layers 500, 600, 700 have been attached to one another.
Similarly, the outer surfaces of the multi-layer foam
circuit board 750 may be processed after the foam layers
have Dbeen attached to one another and may be processed

after plated holes are created.

Thus, in this embodiment, the first foam layer 500 is
processed 1in accordance with the process of FIG. 9, as
shown 1n Process 1000. This processing includes drilling
alignment holes. However, rather than drilling all vias and
processing both surfaces of the first foam layer 500, only
the blind and buried vias are processed. For example, in
FIG. 10, only wvia 511 will be created in Process 1000. Also,
both surfaces of the first foam layer 500 do not have to be
processed at this time. Thus, in certain embodiments, only
the bottom surface 501 of the first foam layer 500, which
will become an interior surface, 1is processed in Process

1000. Thus, after Process 1000, the first foam layer 500
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will include the via 511 and at least one connection point
on the bottom surface 501 where the via 511 terminates. The
second foam layer 600 is similarly processed, as shown in
Process 1010. This processing includes drilling alignment
holes. In this embodiment, the second foam layer 600 will
include wvia 611 and the signal trace 630. The bottom
surface 601 of the second foam layer 600 is also processed
at this time and at least one connection point 636 is
created, since the other connection points may be on the
ground plane. The third foam layer 700 is similarly
processed, as shown in Process 1020. This processing
includes drilling alignment holes. In this embodiment, the
third foam layer 700 will include via 711 and a connection
point to connect to <connection point 636. The bottom
surface 701 of the third foam layer 700 need not be
processed at this time. Next, as shown in Process 1030,
conductive material, such as conductive adhesive is applied
to the connection points on the bottom surface 501 of the
first foam layer 500, and/or the top surface 602 of the
second foam layer 600, and/or the bottom surface 601 of the
second foam layer 600 and/or the top surface 702 of the
third foam layer 700. These layers are then attached to one
another to create the foam assembly, as shown 1in Process
1040. At this point, as shown in Process 1050, the foam
assembly may be processed 1in accordance with FIG. 9.
Specifically, any through wvias, such as wvias 510,610,710
and wvias 512,612,712, can be formed using the sequence
shown in Processes 800-850 in FIG. 9. Once the through vias
have been created, the top surface 502 and the bottom
surface 701 may be patterned and plated as required. Thus,

connection points 530, 531, 532 may be added to top surface
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502. Likewise, signal trace 721 and ground plane 720 may be
added to the bottom surface 701 at this time.

It is noted that the fabrication process described
above may be altered. For example, the second foam layer
600 and the third foam layer 700 may be bonded together to
form a foam subassembly, prior to the formation of wvias 611,
711 since, with respect to these two foam layers, this via
is a through via. After this wvia is created, the first foam
layer 500 may be bonded to the foam subassembly. Vias
510,610,710 and 512,612,712 are then created.

FIG. 13 4dillustrates the fabrication process of the
multi-layer foam circuit board 750 according to another

embodiment.

In Process 1100, the first foam layer 500 is processed.
This processing includes drilling alignment holes and the
first holes through the first foam layer 500. The first
holes are then filled and the surfaces are planarized. The
top surface 502 is then plated to form a patterned ground
plane. Thus, referring to FIG. 9, Processes 800-850 are
performed. Additionally, Processes 860 and 890 is performed

for the top surface 502.

In Process 1110, the second foam layer 600 1is
processed. This processing includes drilling alignment
holes and the first holes through the second foam layer 600.
The first holes are then filled and the surfaces are
planarized. The top surface 602 1s then plated and
patterned to form signal trace 630 and a ground plane. Thus,

again, referring to FIG. 9, Processes 800-850 are performed.
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Additionally, Processes 860 and 890 is performed for the
top surface 602.

In Process 1120, the third foam layer 700 is processed.
This processing includes drilling alignment holes and the
first holes through the third foam layer 700. The first
holes are then filled and the surfaces are planarized. The
top surface 702 and bottom surface 701 are then plated.
Thus, again, referring to FIG. 9, Processes 800-850 are
performed. Additionally, Processes 860 and 890 is performed

for the both surfaces.

In Process 1130, the first foam layer 500, the second
foam layer 600 and the third foam layer 700 are Dbonded
together. This may be done using a conductive or non-

conductive adhesive, as described above.

In Process 1140, the vias are created in the foam
assembly. Specifically, second holes are drilled through
the foam assembly to form wvias 510,610,710 and vias
512,612,712. A second hole 1is also drilled through a
portion of the foam assembly using a controlled depth
drilling to form via 611, 711 and wvia 511. Thus, referring

to FIG. 9, Processes 870-890 are performed at this time.

In Process 1150, the outer surfaces of the foam
assembly, namely top surface 502 and bottom surface 701 are
patterned. Referring again to FIG. 9, Process 890 1is
performed on the top outer surfaces at this time. After
completion, the foam assembly is now the multi-layer foam

circuit board 750.
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The foam radiator 10 may then be aligned to the multi-
layer foam circuit board 750 using alignment holes 1in the
foam radiator 10 and multi-layer foam circuit board 750 and
then bonded to the top surface 502 using conductive

adhesive.

It is noted that while FIG. 10 shows traditional vias,
the vias in the multi-layer foam circuit board can also be
sleeved coaxial vias, as described in FIG. 7. These sleeved

coaxial vias can be created as described above.

While the above disclosure describes one configuration,
other configurations are also possible. For example, the
signal trace 630 may be formed on the bottom surface 501 of
the first foam layer 500 or on the top surface 602 of the
second foam layer 600. The embedded ground plane 740 may be
formed on the bottom surface 601 of the second foam layer
600 or the top surface 702 of the third foam layer 700. The
embedded ground plane 740 may be a copper foil or may be

plated on one of the surfaces.

Thus, this multi-layer foam circuit board 750 performs
the three functions described earlier. Signal trace 630
passes beneath the slot 11. An embedded ground plane 740 is
formed. Signal traces 721 and ground planes 720 are

available for connection to other systems.

FIG. 6 shows a three layer stack formed with two PCBs
and one foam layer, while FIG. 10 shows a three layer stack
formed with three foam layers. However, it 1is also
understood that the three layer stack may comprise two foam

layers and one PCB. For example, referring to FIG. 6,
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either PCB 200 or PCB 260 may be replaced with a foam layer,

such as those shown in FIGs. 8A-8B.

The present disclosure is not to be limited in scope
by the specific embodiments described herein. Indeed,
other wvarious embodiments of and modifications to the
present disclosure, in addition to those described herein,
will be apparent to those of ordinary skill in the art from
the foregoing description and accompanying drawings. Thus,
such other embodiments and modifications are intended to
fall within the scope of the present disclosure.
Furthermore, although the present disclosure has Dbeen
described herein in the context of a particular
implementation in a particular environment for a particular
purpose, those of ordinary skill in the art will recognize
that 1ts usefulness 1s not limited thereto and that the
present disclosure may be beneficially implemented in any
number of environments for any number of purposes.
Accordingly, the claims set forth below should be construed
in view of the full breadth and spirit of the present

disclosure as described herein.

34



10

15

20

25

30

WO 2018/022308 PCT/US2017/041837

What is claimed is:

1.

An antenna system, comprising:

a foam radiator comprising an interior made of a

foam material and a conductive exterior.

2.

The antenna system of c¢laim 1, wherein the foam

material comprises Rohacell®.

. The antenna system of claim 1, wherein the foam

material has a density of less than .5g/cc.

. The antenna system of claim 1, further comprising an

intermediate layer disposed between the interior and

the conductive exterior.

. The antenna system of claim 4, wherein the

intermediate layer comprises a machinable material,
which coats the foam material, and the conductive

exterior comprises a metal plating.

. The antenna system of claim 1, wherein the foam

radiator comprises a Vivaldi antenna, a horn antenna

or a notch antenna.

. A method for forming a foam radiator, comprising:

forming a foam material in a basic shape of
a desired antenna;

coating the foam material with a machinable
material;

machining the machinable material to precise
dimensions required by desired antenna; and

plating the machinable material with a metal.

. The method of claim 7, wherein the metal comprises

nickel, copper or gold.

. The method of claim 7, wherein an entirety of the

foam material is coated with the machinable material.
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10. An antenna system, comprising:

a foam radiator comprising an interior made
of a foam material and a conductive exterior,
wherein the foam radiator is formed as a flared,
horn or notch antenna having a grounded prong and
an energized prong separated by a slot; and

a substrate on which the foam radiator is
disposed.

11. The antenna system of claim 10, wherein a ground
plane 1s disposed on a top surface of the substrate
in regions where the foam radiator is disposed.

12. The antenna system of <c¢laim 10, wherein the
substrate comprises a printed circuit board.

13. The antenna system of claim 10, wherein the
substrate comprises:

a signal trace that traverses a region
beneath the slot;

an embedded ground plane; and

a vertical space between the signal trace
and the embedded ground plane.

14. The antenna system of claim 13, wherein the
substrate comprises at least three layers, wherein
at least one of the layers comprises a foam material.

15. The antenna system of claim 14, wherein the foam
radiator is disposed on a printed circuit board that
comprises the signal trace; and the printed circuit
board is disposed on a foam layer.

16. The antenna system of claim 14, wherein the foam
radiator is disposed on a first foam layer; the
first foam layer is disposed on a second foam layer;

and the signal trace 1s formed on a bottom surface
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17.

18.

19.

20.

of the first foam layer or on a top surface of the
second foam layer.

The antenna system of «c¢laim 14, wherein the

vertical space is provided by a foam layer, and a
printed circuit board 1s disposed on a bottom
surface of the foam layer, wherein the embedded
ground plane 1s disposed in the printed circuit
board.
The antenna system of «c¢laim 14, wherein the
vertical space 1s provided by a first foam layer,
and a second foam layer 1is disposed on a bottom
surface of the first foam layer, wherein the
embedded ground plane is disposed between the first
foam layer and the second foam layer.

The antenna system of «c¢laim 18, wherein the
embedded ground plane comprises a copper foil.

The antenna system of claim 18, wherein a top
surface of the second foam layer or a top surface of
the first foam layer is plated to form the embedded

ground plane.
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