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(57) Abstract: A filter assembly is disclosed that includes a monolithic filter having a surface and a heat sink coupled to the surface of
the monolithic filter. The heat sink includes a layer of thermally conductive material that can have a thickness greater than about 0.02
mm. The heat sink may provide electrical shielding for the monolithic filter. In some embodiments, the filter assembly may include
an organic dielectric material, such as liquid crystalline polymer or polyphenyl ether. [n some embodiments, the filter assembly may

include an additional monolithic filter.
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HIGH POWER SURFACE MOUNT FILTER

Cross Reference to Related Application

The present application claims filing benefit of United States Provisional
Patent Application Serial No. 62/732,605 having a filing date of September 18,
2018, which is incorporated herein by reference in its entirety.

Background of the Disclosure

Electric filters perform many functions and are employed in a variety of
electrical devices. A trend towards miniaturization has increased the demand for
smaller passive components. Miniaturization of passive components, however,
generally undesirably reduces power handling capacity. A compact filter assembly
that is capable of operating at elevated power levels would be welcomed in the art.

Summary of the Disclosure

In accordance with one embodiment of the present disclosure, a filter
assembly may include a monolithic filter having a surface and a heat sink coupled
to the surface of the monolithic filter. The heat sink may include a layer of thermally
conductive material that has a thickness that is greater than about 0.02 mm.

In accordance with another embodiment of the present disclosure, a multi-
layer organic filter assembly may include a monolithic filter having a surface and a
heat sink coupled to the surface of the monolithic filter. The heat sink may include
a layer of thermally conductive material.

In accordance with another embodiment of the present disclosure, a filter
assembly may include a monolithic filter having a surface and a heat sink coupled
to the surface of the monolithic filter. The heat sink may include a layer of thermally
conductive material. The filter assembly may exhibit a first insertion loss at about
25 °C and at a first frequency. The filter assembly may exhibit a second insertion
loss at a second temperature and at about the first frequency. A temperature
difference between the first temperature and the second temperature may be
about 30 °C or greater. A difference between the second insertion loss and the first

insertion loss may be about 5 dB or less.
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Brief Description of the Drawings
A full and enabling disclosure of the present disclosure, including the best

mode thereof, directed to one of ordinary skKill in the art, is set forth more
particularly in the remainder of the specification, which makes reference to the
appended figures, in which:

FIG. 1 is a simplified schematic of a band pass filter according to aspects of
the present disclosure;

FIG. 2 is a top-down view of a band pass filter according to aspects of the
present disclosure;

FIGS. 3A through 3D are various views of a single stitched metal layer
building block for a high-performing inductor which may be included in a filter
according to aspects of the present disclosure;

FIGS. 3E and 3F are various views of an example configuration of multiple
stitched metal layer building blocks for a high-performing inductor which may be
included in a filter according to aspects of the present disclosure;

FIGS. 4A and 4B are top down and side elevation views, respectively, of a
simplified filter assembly including a heat sink according to aspects of the present
disclosure;

FIGS. 5A and 5B are top down and side elevation views, respectively, of a
simplified filter assembly including a heat sink that includes fins according to
aspects of the present disclosure;

FIG. 6 is a temperature distribution generated in a thermal simulation
analysis of a filter assembly that does not include a heat sink, when subjected to a
signal having a power of 1 W,

FIG. 7A is a temperature distribution generated in a thermal simulation
analysis of the filter assembly of FIGS. 4A and 4B, in which the heat sink includes
a layer of alumina, and the filter assembly is subjected to a signal having a power
of 1 W according to aspects of the present disclosure;

FIG. 7B is a temperature distribution generated in a thermal simulation
analysis of the filter assembly of FIGS. 4A and 4B, in which the heat sink includes
a layer of aluminum nitride, and the filter assembly is subjected to a signal having

a power of 1 W according to aspects of the present disclosure;
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FIG. 8 is a temperature distribution generated in a thermal simulation
analysis of a filter assembly that does not include a heat sink, when subjected to a
signal having a power of 5 W,

FIG. 9A is a temperature distribution generated in a thermal simulation
analysis of the filter assembly of FIGS. 4A and 4B, in which the heat sink includes
a layer of alumina, being subjected to a signal having a power of 5 W,

FIG. 9B is a temperature distribution generated in a thermal simulation
analysis of the filter assembly of FIGS. 4A and 4B, in which the heat sink includes
a layer of aluminum nitride, being subjected to a signal having a power of 5 W
according to aspects of the present disclosure;

FIGS. 10 through 12 are plots of empirically obtained power and
temperature data for various filter assemblies according to aspects of the present
disclosure;

FIG. 13 is a perspective view of a testing assembly including a filter
assembly according to aspects of the present disclosure;

FIG. 14 is a plot of experimentally determined insertion loss (S2,1) and return
loss (S1,1) characteristics of a filter assembly both with and without a heat sink;

FIGS. 15A and 15B are perspective views of a large metal cylinder and a
large metal plane, respectively, arranged proximate the filter assembly for
measuring electrical interference caused by the cylinder and plane;

FIG. 16A is a plot of the insertion loss of the filter assembly when the large
metal cylinder and large metal plane of FIGS. 15A and 15B are arranged
proximate a filter assembly that does not include a heat sink;

FIG. 16B is an enlarged portion of FIG. 16A showing the effect on the pass
band range caused by electrical interference caused by the large metal cylinder
and large metal plane;

FIG. 17A is a plot of the insertion loss of the filter assembly when the large
metal cylinder and large metal plane are arranged proximate a filter assembly that
include a heat sink according to aspects of the present disclosure;

FIG. 17B is an enlarged portion of FIG. 17A showing the shielding effect of

the heat sink on the pass band range of the filter assembly;
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FIG. 18A is a simplified side elevation view of another embodiment of the
filter assembly that includes a first monolithic filter and a second, additional
monolithic filter arranged in a stacked configuration with a heat sink;

FIGS. 18B and 18C are simplified side elevation views of additional
embodiments of the filter assembly that include a first monolithic filter, a second
monolithic filter, and at least one via extending through a heat sink between the
first and second monolithic filters;

FIG.19A is an insertion loss plot for a low pass filter assembly according to
aspects of the present disclosure measured at -55 °C, 25 °C, and 85 °C;

FIG.19B is an insertion loss plot for another low pass filter assembly
according to aspects of the present disclosure measured at -55 °C, 25 °C, and 85
°C; and

FIG. 19C is an insertion loss plot for a band pass filter assembly according
to aspects of the present disclosure measured at -55 °C, 25 °C, and 85 °C.

Repeat use of reference characters in the present specification and
drawings is intended to represent same or analogous features or elements of the
disclosure.

Detailed Description of Representative Embodiments

It is to be understood by one of ordinary skill in the art that the present
discussion is a description of exemplary embodiments only, and is not intended as
limiting the broader aspects of the present disclosure, which broader aspects are
embodied in the exemplary construction.

Generally speaking, the present disclosure is directed to a filter assembly
having excellent heat dissipating capabilities. The filter assembly can include a
monolithic filter having a generally planar surface and a heat sink coupled to the
generally planar surface of the monolithic filter. The heat sink can include a layer of
thermally conductive material that has a thickness greater than about 0.02 mm.

The layer of thermally conductive material facilitates heat flow away from
the monolithic filter, which allows the monolithic filter to operate at higher power
levels without overheating. Current flowing through the monolithic filter generates
heat that can undesirably overheat the filter assembly. By improving heat
dissipation away from the filter assembly, the filter assembly may have a larger
power capacity. In other words, the filter assembly may be able to dissipate energy
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at a greater rate without overheating such that the filter assembly may safely
operate at a high power level.

The layer of thermally conductive material may also provide electrical
shielding. As a result, the filter assembly may be less sensitive to interference, for
example, from nearby objects. The filter assembly may be better suited for
installation in compact spaces.

The monolithic filter may include one or more organic dielectric materials.
Example organic dielectric include polyphenyl ether (PPE) based materials, such
as LD621 from Polyclad and N600O series from Park/Nelco Corporation, liquid
crystalline polymer (LCP), such as LCP from Rogers Corporation or W. L. Gore &
Associates, Inc., hydrocarbon composites, such as 4000 series from Rogers
Corporation., and epoxy-based laminates, such as N400O series from Park/Nelco
Corp. For instance, examples include epoxy based N4000-13, bromine-free
material laminated to LCP, organic layers with high K material, unfilled high-K
organic layers, Rogers 4350, Rogers 4003 material, and other theremoplastic
materials such as polyphenylene sulfide resins, polyethylene terephthalate resins,
polybutylene terephthalate resins, polyethylene sulfide resins, polyether ketone
resins, polytetraflouroethylene resins and graft resins, or similar low dielectric
constant, low-loss organic material.

The dielectric constant of the organic dielectric material may be between
approximately 1.5 and 100, in some embodiments from about 2 to about 15, and in
some embodiments from about 2 to about 4. The tangent may range from about
0.001 to about 0.02, in some embodiments from about 0.002 to about 0.004.

Other materials may be utilized, however, including, N6000, epoxy based
N4000-13, bromine-free material laminated to LCP, organic layers with high K
material, unfilled high-K organic layers, Rogers 4350, Rogers 4003 material (from
the Rogers Corporation), and other theremoplastic materials such as hydrocarbon,
Teflon, FR4, epoxy, polyamide, polyimide, and acrylate, polyphenylene sulfide
resins, polyethylene terephthalate resins, polybutylene terephthalate resins,
polyethylene sulfide resins, polyether ketone reszns, polytetraflouroethylene
resins, BT resin composites (e.g., Speedboard C), thermosets (e.g., Hitachi MCL-
LX-67F), and graft resins, or similar low dielectric constant, low-loss organic

material.
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Additionally, in some embodiments, non-organic dielectric materials may be
used including a ceramic, semi-conductive, or insulating materials, such as, but not
limited to barium titanate, calcium titanate, zinc oxide, alumina with low-fire glass,
or other suitable ceramic or glass-bonded materials. Alternatively, the dielectric
material may be an organic compound such as an epoxy (with or without ceramic
mixed in, with or without fiberglass), popular as circuit board materials, or other
plastics common as dielectrics. In these cases, the conductor is usually a copper
foil which is chemically etched to provide the patterns. In still further embodiments,
dielectric material may comprise a material having a relatively high dielectric
constant (K), such as one of NPO (COG), X7R, X5R X7S, Z5U, Y5V and strontium
titanate. In one example, the dielectric material may have a dielectric constant
within a range from between about 2000 and about 4000.

Regardless of the particular configuration employed, the present inventors
have discovered that through selective control over the arrangement and materials
of afilter assembly including a heat sink coupled to a monolithic filter, a compact
filter assembly can be achieved that provides improved heat dissipation and power
handling capabilities in combination with excellent performance characteristics and
improved electric shielding. In some embodiments, the filter assembly also exhibits
consistent performance characteristics across a wide range of temperatures.

The excellent performance characteristics of the filter assembly may include
low insertion loss for frequencies within a pass band frequency range of the filter
assembly. For example, the average insertion loss for frequencies within the pass
band frequency range may be greater than -15 dB, in some embodiments greater
than -10 dB, in some embodiments greater than -5 dB, in some embodiments
greater than -2.5 dB or more.

Additionally, the filter assembly exhibits excellent rejection of frequencies
outside the pass band frequency range. The insertion loss for frequencies outside
the pass band frequency range may be less than about -15 dB, in some
embodiments less than about -25 dB, in some embodiments less than about -35
dB, and in some embodiments less than about -40 dB.

Additionally, the filter assembly may exhibit steep roll-off from the passband
frequency range to frequencies outside the passband. For example, for
frequencies immediately outside the passband frequency range, the insertion loss
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may decrease at a rate of about 0.1 dB / MHz, in some embodiments greater than
about 0.2 dB / MHz, and in some embodiments greater than about 0.3 dB / MHz, in
some embodiments greater than about 0.4 dB / MHz.

The filter assembly may also exhibit consistent performance characteristics
(e.g., insertion loss, return loss, etc.) across a wide range of temperatures. In
some embodiments, the insertion loss of the filter assembly may vary less than 5
dB or less across large temperature ranges. For example, the filter assembly can
exhibit a first insertion loss at about 25 °C and at a first frequency. The filter
assembly can exhibit a second insertion loss at a second temperature and at about
the first frequency. A temperature difference between the first temperature and the
second temperature can be about 70 °C or greater, in some embodiments about
60 °C or greater, in some embodiments about 50 °C or greater, in some
embodiments about 30 °C or greater, and in some embodiments about 20 °C or
greater. As an example, the first temperature can be 25 °C, and the second
temperature can be 85 °C. As another example, the first temperature can be 25
°C, and the second temperature can be -55 °C. The difference between the
second insertion loss and the first insertion loss can be about 5 dB or less, in some
embodiments about 2 dB or less, in some embodiments about 1 dB or less, in
some embodiments, about 0.75 dB, in some embodiments about 0.5 dB or less,
and in some embodiments, about 0.2 dB or less. The first frequency may fall within
a passband frequency range of the filter or within a rejection frequency band of the
filter. The first frequency may range from about 100 MHz to about 9,000 MHz, in
some embodiments from about 200 MHz to about 8,000 MHz.

The filter assembly can also operate at elevated power levels without
overheating and being damaged. In some embodiments, the filter assembly may
have a power capacity of greater than about 1 W at about 300 MHz, in some
embodiments greater than about 2 W, in some embodiments, greater than about 3
W, in some embodiments, greater than about 4 W, in some embodiments, greater
than about 5 W, and in some embodiments, greater than about 10 W. The power
capacity may be defined as the power level (root-mean-square) transmitted
through the filter assembly at steady state conditions that causes the filter
assembly to reach a maximum acceptable operating temperature (e.g., 85 °C)
when mounted to a surface that is maintained at 25 °C.

7



10

15

20

25

30

WO 2020/060976 PCT/US2019/051413

“Area power capacity” (W / mm?) may be defined as power capacity (W)
divided by the area or footprint of the component. The “area” or “footprint” of the
component refers to the cross-sectional area of the component (e.g., the area of a
mounting surface, such as a printed circuit board, that is occupied by the filter
assembly once mounted). Area power capacity may be a suitable metric for
quantifying a combination of improved power handling and compact size.

For example, the filter assembly may have an area power capacity of
greater than about 0.03 W/ mm?2 at about 300 MHz, in some embodiments greater
than about 0.10 W/ mm?, in some embodiments greater than about 0.2 W/ mm?,
in some embodiments greater than about 0.5 W/ mm?, in some embodiments
greater than about 1 W/ mm?, in some embodiments greater than about 2 W /
mm?2, and in some embodiments greater than 4 W/ mm?2.

In some embodiments, the filter assembly may have a compact size, e.g.,
footprint. For example, in some embodiments, the filter assembly may have an
overall length from about 0.5 mm to about 30 mm, in some embodiments, from
about 1 mm to about 15 mm, and in some embodiments from about 1.25 mm to
about 5 mm.

In some embodiments, the filter assembly may have an overall width from
about 0.2 mm to about 20 mm, in some embodiments from about 0.5 mm to about
15 mm, in some embodiments from about 1 mm to about 10 mm, and in some
embodiments from about 3 mm to about 7 mm.

In some embodiments, the filter assembly may have an overall thickness
from about 0.25 mm to about 4 mm, in some embodiments from about 0.5 mm to
about 3 mm, and in some embodiments from about 0.75 mm to about 2 mm.

The heat sink may include a layer of thermally conductive material. The
thickness of the layer of thermally conductive material may range from about 0.02
mm to about 2.5 mm, in some embodiments from about 0.13 mm to about 1.25
mm, in some embodiments from about 0.25 mm to about 0.75 mm, e.g., about 0.4
mm.

The layer of thermally conductive material may have a high thermal
conductivity. For example, in some embodiments, the thermally conductive
material may comprise a material having a thermal conductivity at about 22 °C that
ranges from about 100 W/ m<°C to about 300 W/ m ¢ °C, in other embodiments

8
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from about 125 W/ m « °C to about 250 W/ m « °C, in other embodiments from
about 150 W/ m « °C to about 200 W/ m « °C.

The thermally conductive material may be formed from a variety of suitable
materials. For example, in some embodiments, the thermally conductive material
may comprise aluminum nitride, alumina, or any suitable composition including
aluminum nitride or alumina. The thermally conductive material may contain
additives or impurities. Additional suitable materials for the thermally conductive
material include beryllium oxide, aluminum oxide, boron nitride, silicon nitride,
magnesium oxide, zinc oxide, silicon carbide, any suitable ceramic material, and
mixtures thereof.

The layer of thermally conductive material may also provide electrical
shielding for the monolithic filter, increasing the robustness of the filter assembly.
Additionally, in some embodiments, the thickness of the thermally conductive
material may be selected to tune one or more performance characteristics of the
filter assembly.

. Filter

FIG. 1 illustrates a simplified schematic of a band pass filter 100 according
to aspects of the present disclosure. The filter may include one or more inductors
102, 104, 106, and one or more capacitors 108, 110, 112. An input voltage
(represented by V;in FIG. 1) may be input to the filter 100, and an output voltage
(represented by V, in FIG. 1) may be output by the filter 100. The band pass filter
100 may significantly reduce low and high frequencies while allowing frequencies
within a passband frequency range to be transmitted through the filter 100
substantially unaffected. It should be understood that the simplified filter 100
described above is merely a simplified example of a band pass filter and that
aspects of the present disclosure may be applied to more complex band pass
filters. Additionally, aspects of the present disclosure may be applied to other types
of filters, including, for example, a low-pass filter or a high-pass filter.

FIG. 2 is a top-down view of a band pass filter 200 according to aspects of
the present disclosure. The band pass filter 200 may include a plurality of inductors
202, 204, 206, 208, 210, 212, 214. The band pass filter 200 may include various
connection points or contact pads that may be used to electrically connect the
various inductors 202, 204, 206, 208, 210, 212, 214 to form a filter circuit.

9
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In some embodiments, the filter 100 may be formed incorporating organic
dielectric materials and/or incorporate multiple layers of such materials. In
accordance with an embodiment of the present disclosure, inductors described
above with respect to the bandpass filter 100 may be formed using high-
performing multi-layer inductors as described herein. In particular, these high-
performing multi-layer inductors may provide for high-Q factors and high current-
carrying capabilities.

FIG. 3A illustrates a functional block diagram of a stitched metal layer
building block 800a that may be utilized in high-performing inductors according to
aspects of the present disclosure. FIG. 3B illustrates a three-dimensional view of
the building block 800a of FIG. 3A. In particular, as shown in FIG. 3B, the building
block 800a may be comprised of a first inductor section 850 and a second inductor
section 852. The first inductor section 850 may include a first connection point 854
and a second connection point 856. Likewise, the second inductor section 852
may include a first connection point 858 and a second connection point 860. While
the first inductor section 850 and the second inductor section 852 in FIG. 3C each
form the shape of a spiral, inductor sections 850, 852 may be a loop, circular,
hexagonal, and other polygonal shapes with a variety of complete or partial turns
without departing from embodiments of the present disclosure. In addition, the first
inductor section 850 and the second inductor section 852 may be substantially
identical in shape and vertically aligned in some embodiments.

As shown in FIG. 3B, the first inductor layer section 850 and the second
inductor section 852 may be stitched together to form a single stitched metal layer
building block 800a. More specifically, according to an exemplary embodiment of
the present disclosure, the first connection point 854 of the first inductor section
850 may be connected or stitched to the first connection point 858 of the second
inductor section 852 using a plated via 814. The first connection point 854 can also
serve as an input for the building block 800a. Similarly, the second connection
point 856 of the first inductor section 850 may be connected or stitched to the
second connection point 860 of the second inductor section 852 using a plated via
815. In addition, the plated via 815 may further be connected to a routing layer
862. The routing layer 862 may in turn be connected to an output 864 using a
plated via 816. Plated vias 814, 815, and 816, which may be microvias, may be

10
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created by drilling (e.g., mechanical drilling, laser drilling, etc.) through holes
(perhaps as small in diameter as the thickness of the dielectric used) and plating
the through holes with a conductive material, for example using electroless plating
or seeded copper. Referring to FIG. 3C, the vias 814, 815, and 816 are illustrated
in a top plan view of the stitched metal layer building block 800a.

FIG. 3D illustrates an exemplary stackup 865 that embodies the stitched
metal layer building block 800a of FIGS. 14A-14C. In particular, the stackup 865
includes metallization layers 801, 802, and 803, an organic dielectric layer 808, an
organic buildup layer 809, and vias 814, 815, 816. The metallization layers 801,
802, and 803, which are formed on the respective organic dielectric layer 808 and
organic buildup layer 809, may be conductive layers that are patterned or
circuitized as necessary. The metallization layers 801, 802, and 803 may be
formed of copper, nickel, gold, silver, and other metals and alloys. According to an
aspect of the present disclosure, the organic dielectric layer 808 may be formed of
liquid crystalline polymer (LCP), although other materials may be utilized, including
PPE, N6000, epoxy based N4000-13, bromine-free material laminated to LCP,
organic layers with high K material, unfilled high-K organic layers, Rogers 4350,
Rogers 4003 material, and other thermoplastic materials such as polyphenylene
sulfide resins, polyethylene terephthalate resins, polybutylene terephthalate resins,
polyethylene sulfide resins, polyether ketone resins, polytetraflouroethylene resins
and graft resins, or similar low dielectric constant, low-loss organic material. In
addition, the organic dielectric layer 808 may have a dielectric constant of less
than approximately 3.1 and a dielectric loss of less than about 0.004. According to
an aspect of the present disclosure, the organic dielectric layer 808 may also be
thin, perhaps less than around 10 mils, although other thicknesses can be utilized.
The organic laminate layer 809 may be formed of an organic buildup material such
as laminate LCP, although other materials may be utilized, including prepreg, bond
ply, or other thermosetting polymer including epoxy resins, phenolic resins,
unsaturated polyester resins, phenolic resins, unsaturated polyester resins,
polyimide resins, cyanate resins, polyphenylene ether resins, furmate resins, and
polybutadiene resins. The organic laminate layer 809 may have a dielectric
constant of less than about 3.5 and a dielectric loss of less than about 0.004. Via
814 may connect metallization layers 801 and 802. Via 815 may connect
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metallization layers 801, 802, and 803. Via 816 may connect metallization layers
801 and 803.

Still referring to FIG. 3D, the first metallization layer 801 may be patterned
or circuitized, as described above, to include the first inductor section 850, which
includes the first connection point 854 that may serve as the input for the stitched
metal layer building block 800a. Additionally, the first metallization layer 801 can
also be patterned or circuitized to include the output 864 for the stitched metal
layer building block 800b. Likewise, the second metallization layer 802 can be
patterned or circuitized to form the second inductor section 852. Similarly, the third
metallization layer 803 can be patterned or circuitized to form the routing layer 862.
According to an aspect of the present disclosure, the trace widths and spaces on
the above-described metallization layers may be from a few mils or greater.

The stitched metal layer building block 800a comprised of the first and
second inductor sections 850 and 852 stitched together may have significant
advantages over non-stitched inductor sections. In particular, the stitching of
inductor sections 850 and 852 may significantly reduce the DC/RF losses while
reduce the inductance value by a substantially lower factor, thereby resulting in an
increase in Q-factor. In other words, the parallel connection of the inductor
sections 850 and 852 may reduce the resulting resistance at a faster rate than the
resulting inductance value.

In addition, the stitched metal layer building block 800a described above
with respect to FIGS. 3A-3D can be incorporated with one or more other stitched
metal layer building blocks. In addition, one of ordinary skill in the art will recognize
that the patterning and circuitization of the metallization layers described above
can vary without departing from embodiments of the present disclosure. For
example, the trace width and spacing on the metallization layers can vary from a
few mils to significantly more mils. In addition, the thickness of the organic
dielectric layers and buildup layers can also be varied without departing from
embodiments of the present disclosure. For example, the thickness may vary from
tens of microns to multiple millimeters.

FIG. 3E is a functional block diagram of an inductor configuration that
provides both vertical connections and horizontal connections for stitched metal
layer building blocks. For example, FIG. 3E illustrates stitched metal layer building
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blocks 900a, 900b, 900c, and 900d. As shown in FIG. 3E, a first stitched metal
layer building block 900a may be horizontally aligned and connected to a second
stitched metal layer building block 900b by plated vias 915. In addition, a third
stitched metal layer building block 900c may be vertically connected to the first and
second building blocks 900a and 900b by plated via 917. Further, a fourth metal
layer building block 900d may be vertically connected to the first and second
building blocks 900a and 900b by plated vias 919 and 920.

FIG. 3F illustrates a three-dimensional view of the building blocks 900a,
900b, 900c, and 900d in FIG. 3E. As shown in FIG. 3F, the first stitched metal
layer building block 900a may include a first inductor section 950 and second
inductor section 951. The first and second inductor sections 950, 951 may include
respective first connection points 925, 927 and respective connection points 926,
928. In addition, the second stitched metal layer building block 900b may include a
first inductor section 952 and a second inductor section 953. The first and second
inductor sections 952, 953 may include respective first connection points 929, 931
and respective second connection points 930, 932. Similarly, the third stitched
metal layer building block 900c may include a first inductor section 954 and second
inductor section 955. The first and second inductor sections 954, 955 may include
respective first connection points 933, 935 and second connection points 934, 936.
Likewise, the fourth stitched metal layer building block 900d may include a first
inductor section 956 and a second inductor section 957. The first and second
inductor sections 956, 957 may include respective first connection points 937, 939
and respective second connection points 938, 940.

As described above, the first metal layer building block 900a may be aligned
horizontally with the second metal layer building block 900b. Still referring to FIG.
3F, the plated via 915 may connect the second connection points 926, 928
associated with the first metal layer building block 900a with the second
connection points 930, 932 associated with the second metal layer building block
900b. In addition, the plated via 919 may connect the first connection points 925,
927 associated with the first metal layer building block 900a with the first
connection points 929, 931 associated with the second metal layer building block
900b.
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As also described above, one or more of the third and fourth metal layer
building blocks 900c and 900d may be connected to the first and second metal
layer building blocks 900a and 900b. Referring to FIG. 18B, a plated via 917 may
connect the second connection points 934, 936 associated with the third metal
layer building block 900c to the plated via 915, thereby providing a vertical
connection between the third metal layer building block 900c and the first and
second metal layer building blocks 900a and 900b. A plated via 916 may connect
the first connection points 933 and 935 associated with the third metal layer
building block 900c. In addition, a plated via 920 may connect the second
connection points 938, 940 associated with the fourth metal layer building block
900d to the plated via 919, thereby providing a vertical connection between the
fourth metal layer building block 900d and the first and second metal layer building
blocks 900a and 900b. Further, a plated via 918 may connect the first connection
points 937 and 939 associated with the fourth metal layer building blocks 900d.
Il. Heat Sink

FIGS. 4A and 4B are top down and side elevation views, respectively, of a
simplified filter assembly 400 according to aspects of the present disclosure. The
filter assembly 400 may include a monolithic filter 402 that has a generally planar
surface 404. Details of the monolithic filter 402 are omitted from FIGS. 4A and 4B.
However, it should be understood that, in some embodiments, the filter 402 may
be or include a bandpass filter that includes organic dielectric materials as
explained above with reference to FIGS. 1 through 3F. However, in other
embodiments, the filter 402 may be or include any suitable type of filter, including
for example a high pass filter or a low pass filter. Additionally, in some
embodiments, the filter 402 may include ceramic dielectric materials instead of
organic dielectric materials. The filter 402 may be any suitable electric filter
configured to performing filtering functions with respect to an electrical signal.

The filter assembly 400 may include a heat sink 406 coupled to the
generally planar surface 404 of the monolithic filter 402. The heat sink 406 may
include a layer 407 of thermally conductive material. A layer of adhesive (e.g., an
epoxy) may be used to adhere the heat sink 406 to the generally planar surface
404 of the monolithic filter 402.
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The filter assembly 400 may be configured to be surface mounted, for
example, on a printed circuit board. Referring to FIG. 4B, the filter assembly 400
may have various connection points (e.g., corresponding to one or more of the
connection points 216 of the filter 200 described above with reference to FIG. 2.)
The connection points 408 may be coupled via solder 409 with a mounting surface
410, such as a printed circuit board.

The filter assembly 400 may have a length 412 in an X-direction 414 and a
width 416 in a Y-direction 418. The filter assembly 400 may also have a thickness
420 in a Z-direction 422. Additionally, the filter 402 may have a filter thickness 422
in the Z-direction 422, and the layer of thermally conductive material of the heat
sink 406 may have a layer thickness 424 in the Z-direction 422. The thickness 420
of the filter assembly 400 may be the sum of the filter thickness 422 and the layer
thickness 424.

FIGS. 5A and 5B are top down and side elevation views, respectively, of a
simplified filter assembly 500 according to aspects of the present disclosure. The
filter assembly 500 may be generally configured similarly to the filter assembly 400
described above with reference to FIGS. 4A and 4B. Additionally, the heat sink 506
of the filter assembly 500 may include a plurality of fins 511 configured to improve
heat dissipation away from the filter assembly 500 (e.g., through convection into
ambient air). The fins 511 may have a variety of suitable shapes. For example, the
fins may have generally uniform triangular cross sectional shapes that are
extruded across the width 516 of the filter assembly 50 in the X-direction 518, as
illustrated in FIGS. 5A and 5B. It should be understood that the fins 511 may have
any suitable configuration, however. For example, the fins 511 may have cross
sectional shapes that are extruded across the length 514 of the filter assembly 500
in the Y-direction 514 and/or generally uniform cross sectional shapes that are
extruded upward in the Z-direction 522 (e.g., forming vertical columns). The fins
511 may also have a variety of other cross sectional shapes, including for
example, rectangular or any other suitable shape (e.g., pentagonal, hexagonal,
etc.). In some embodiments, the fins 511 may be tapered, such as conically
shaped.

The filter assembly 500 may have a length 512 in an X-direction 514 and a
width 516 in a Y-direction 518. The filter assembly 500 may also have a thickness
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520 in a Z-direction 522. Additionally, the filter 502 may have a filter thickness 522
in the Z-direction 522; the layer 507 of the thermally conductive material may have
a layer thickness 524 in the Z-direction 522; and the fins 511 may extend a fin
height 526 beyond the layer 507 in the Z-direction 522. The thickness 520 of the
filter assembly 500 may be the sum of the filter thickness 522, the layer thickness
524, and the fin height 526.
M. Thermal Simulation and Testing

Thermal simulation analysis was performed of the filter assembly both
without a heat sink and with a heat sink (as described above with reference to
FIGS. 4A and 4B). Additionally, analysis was performed comparing the
performance of a heat sink including a layer of alumina with a heat sink including a
layer of aluminum nitride. The analysis was performed at two different power
levels: 1 W and 5 W. More specifically, thermal analyses of the filter assembly
were performed for sinusoidal input signals having a frequency of about 300 MHz
with root-mean-square powers of 1 W and 5 W. The following table presents
simulation results for filter assemblies without heat sinks as well as simulation
results for filter assemblies including heat sinks that include a layer of aluminum

nitride or alumina:

Max. Temp. (°C) at 1 Max. Temp. (°C) at
Heat Sink Material
w 5W
None / Air 40.0 100.1
Alumina 30.2 51.2
Aluminum Nitride 28.8 442

Table 1: Simulation Results

FIG. 6 illustrates a temperature distribution 600 generated in a thermal
simulation analysis of a filter assembly that does not include a heat sink. In the
simulation, a sinusoidal input signal having a frequency of about 300 MHz with a
root-mean-square power of 1 W was applied to the filter 200. The resulting
temperature distribution includes a maximum temperature of about 100 °C. The
simulation was performed with the assumption that the surface to which the filter
assembly is mounted is maintained at 25 °C.

FIG. 7A illustrates a temperature distribution 700 of the filter assembly 400
of FIGS. 4A and 4B, which includes a heat sink 406 including a layer 407 of
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alumina. In this simulation analysis, the layer thickness 424 (illustrated in FIGS. 4A
and 4B) of the layer 407 of thermally conductive material was 0.508 mm, and a
sinusoidal input signal having a frequency of about 300 MHz with a root-mean-
square power of 1 W was applied to the filter 400. The simulation was performed
with the assumption that the surface to which the filter assembly is mounted is
maintained at 25 °C. The resulting temperature distribution 700 had a maximum
temperature of 30.2 °C. Thus, the thermal analysis indicates that the layer 407 of
alumina of the heat sink 406 reduces the maximum temperature under the same
simulation conditions from 40 °C (as discussed with reference to FIG. 6) to 30.2 C.

FIG. 7B illustrates a temperature distribution 750 of the filter assembly 400
of FIGS. 4A and 4B, which includes a heat sink 406 including a layer 407 of
aluminum nitride. In this simulation analysis, the layer thickness 424 of the layer
407 of thermally conductive material was 0.508 mm, and a sinusoidal input signal
having a frequency of about 300 MHz with a root-mean-square power of 1 W was
applied to the filter 400. The simulation was performed with the assumption that
the surface to which the filter assembly is mounted is maintained at 25 °C. The
resulting temperature distribution 700 had a maximum temperature of 28.8 °C.
Thus, the thermal analysis indicates that the layer 407 of aluminum nitride of the
heat sink 406 reduces the maximum temperature under the same simulation
conditions from 40 °C (as discussed with reference to FIG. 6) to 28.8 °C.

FIG. 8 illustrates a temperature distribution 850 generated in a thermal
simulation analysis of a filter assembly that does not include a heat sink. In the
simulation, a sinusoidal input signal having a frequency of about 300 MHz with a
root-mean-square power of 5 W was applied to the filter 200. The resulting
temperature distribution includes a maximum temperature of 100.1 °C. The
simulation was performed with the assumption that the surface to which the filter
assembly is mounted is maintained at 25 °C.

FIG. 9A illustrates a temperature distribution 960 of the filter assembly 400
of FIGS. 4A and 4B. In this simulation, the filter assembly 400 includes a heat sink
406 including a layer 407 of alumina (illustrated in FIGS. 4A and 4B). In this
simulation, the layer thickness 424 (shown in FIG. 4B) of the layer 407 of thermally
conductive material was 0.508 mm, and a sinusoidal input signal having a
frequency of about 300 MHz with a root-mean-square power of 5 W was applied to
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the filter 400. The simulation was performed with the assumption that the surface
to which the filter assembly is mounted is maintained at 25 °C. Referring to FIG.
9A, the resulting temperature distribution 700 had a maximum temperature of 51.2
°C. Thus, the thermal analysis indicates that the layer 407 of alumina of the heat
sink 406 reduces the maximum temperature under the same simulation conditions
from 100.1 °C (as discussed with reference to FIG. 8) to 51.2 °C.

FIGS. 9B illustrates a temperature distribution 980 of the filter assembly 400
of FIGS. 4A and 4B, which includes a heat sink 406 including a layer 407 of
aluminum nitride. In this simulation analysis, the layer thickness 424 of the layer
407 of thermally conductive material was 0.508 mm, and a sinusoidal input signal
was applied to the filter 400 having a frequency of about 300 MHz with a root-
mean-square power of 1 W. The simulation was performed with the assumption
that the surface to which the filter assembly is mounted is maintained at 25 °C. The
resulting temperature distribution 700 had a maximum temperature of 44.2 °C.
Thus, the thermal analysis indicates that the layer 407 of aluminum nitride of the
heat sink 406 reduces the maximum temperature under the same simulation
conditions from 100.1 °C (as discussed with reference to FIG. 8) to 44.2 °C.

V. Power Capacity

Filter assemblies according to aspects of the present disclosure were
assembled and tested. Each filter assembly was subjected to a steady state power
level until the filter assembly reached a steady state temperature. The power level
was then increased and the process was repeated until the steady state
temperature was greater than about 85 °C or the power level reached 6 W.

The following table present performance characteristic and dimensional

data for an example high frequency band pass filter assembly that was tested.
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Parameter Min Typical Max Unit
Pass band
2200 MHz -2.0 -1.3 dB
1900-2500 MHz -2.0 -1.6 dB
Rejection
400-7000 MHz -41 -35 dB
7000-9000 MHz -50 -40 dB
Return Loss
2200 MHz -13 dB
Power
2200 MHz 2 w
Dimensions
Length 7.66 7.79 7.92 mm
Width 3.85 3.98 4.11 mm
Filter Thickness
Without Heat Sink 00 m
Filter Thickness With
Heat Sink b m

Table 2: Example High Frequency Band Pass Filter Electrical Properties
Referring to FIG. 10, the effect of adding a heat sink layer to the high

frequency filter assembly of Table 2 was tested. The filter assembly was tested
without a heat sink, with a heat sink including a layer of alumina, and with a heat
sink including a layer of aluminum nitride. In each case, the layer of thermally
conductive material was 0.51 mm thick. The filter assemblies were subjected to
various sinusoidal signals having respective root-mean-square power levels as
indicated on the horizontal axis until the filter assembly reached a steady state
temperature for each power level. The steady state temperature (represented on
the vertical axis) was measured at each power level. As used in FIGS. 10, 11, and
12, “High” frequency refers to a frequency of 2,200 MHz, and “Low” frequency
refers to a frequency of 110 MHz. “Base” refers to a filter assembly that does not
include a heat sink.

The following table present performance characteristic and dimensional

data for an example low frequency band pass filter assembly that were tested.
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Parameter Min Typical Max Unit
Pass band
110 MHz -2.0 -1.6 dB
95-120 MHz -2.5 -2.1 dB
Rejection
200-500 MHz -60 -43 -35 dB
Return Loss
95-120 MHz -12 dB
Power
95-120 MHz 5 w
Dimensions
Length 15.11 15.24 15.37 mm
Width 6.22 6.35 6.48 mm
Filter Thickness
Without Heat Sink 10 m
Filter Thickness With
Heat Sink 1o m

Table 3: Example Low Frequency Band Pass Filter Electrical Properties

Referring to FIG. 11, the effect of adding a heat sink layer to the low
frequency filter assembly of Table 3 was tested. The filter assembly was tested
without a heat sink, with a heat sink including a layer of alumina, and with a heat
sink including a layer of aluminum nitride. In each case, the layer of thermally
conductive material was 0.51 mm thick. The filter assemblies were subjected to
various sinusoidal signals having respective root-mean-square power levels as
indicated on the horizontal axis until the filter assembly reached a steady state
temperature for each power level. The steady state temperature (represented on
the vertical axis) was measured at each power level.

Referring to FIG. 12, an additional filter assembly was subjected to various
sinusoidal signals having respective root-mean-square power levels as indicated
on the horizontal axis until the filter assembly reached a steady state temperature
for each power level. The steady state temperature (represented on the vertical
axis) was measured at each power level.

Note that the filter assemblies including heat sinks produce far lower steady
state temperatures for a given power level. Thus, filters assemblies including heat

sinks according to aspects of the present disclosure can safely operate at higher
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power levels than filter assemblies without any heat sinks. Additionally, the steady
state temperature generally varies little between “low” and “high” frequency
signals.

The results of additional power capacity testing are shown below in the
‘Examples” section.
V. Electrical Simulations and Testing

A. Testing Assembly

Various filter assemblies were tested using a testing assembly. Referring to
FIG. 13, the testing assembly 1300 includes a filter assembly 1302 mounted to a
test board 1304. An input line 1306 and an output line 1308 were each connected
with the test board 1304. The test board 1304 includes microstrip lines 1310
electrically connecting the input line 1306 with an input of the filter assembly 1302
and electrically connecting the output line 1308 with an output of the filter
assembly 1302. An input signal was applied to the input line using a source signal
generator (e.g., a 1306 Keithley 2400 series Source Measure Unit (SMU), for
example, a Keithley 2410-C SMU) and the resulting output of the filter assembly
1302 was measured at the output line 1308. This was repeated for various
configurations of the filter assembly. The filter assembly 1302 illustrated in FIG. 13
does not include a heat sink layer. However, various tests were conducted on filter
assemblies including heat sink layers of different thicknesses and materials,
including alumina and aluminum nitride.

B. Performance Characteristics and Effect of Heat Sink

The filter assembly can have excellent performance characteristics.
Additionally, it was empirically determined that adding a sufficiently thin layer of
thermally conductive material to a filter assembly, according to aspects of the
present disclosure, did not substantially adversely affect the performance
characteristics of the filter assembly. The insertion loss and return loss of various
filter assemblies with and without heat sink layers were empirically measured. FIG.
14 illustrates both the insertion loss (S2,1) and return loss (S1,1) of a filter assembly
both with and without a heat sink. In this experiment, the thickness of the layer of
thermally conductive material was 0.508 mm. While a filter assembly having a
layer of alumina and a filter assembly having a layer of aluminum nitride were
separately tested, the results were substantially similar and are represented by a
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single line for insertion loss (labeled “S2,1 Heat Sink” in FIG. 14) and a single line
for return loss (labeled “S1,1 Heat Sink”). The filter assembly without a heat sink
(represented by “S1,1 AIR” in FIG. 13) had a pass band range from about 225 MHz
to about 300 MHz. It was determined that an upper bound of the pass band range
was minimally shifted lower by about 1.2% as a result of adding a heat sink
including a layer of thermally conductive material to the filter assembly. The lower
bound was substantially unaffected by the heat sink layer.

Additionally, the filter assemblies including a heat sink layer exhibited a very
slight degradation in return loss, Sz,1. As noted in FIG. 14, at about 300 Hz, the
return loss increased from -11.96 dB to -10.73 dB as a result of the addition of the
heat sink layer.

The following table presents measured characteristics of the average

insertion loss in the band pass range of the filter assemblies for each heat sink

material:
Air/ No Heat
Sink Aluminum Nitride Alumina
(dB) (dB) (dB)
Pass Band (Sz2.1)
219 MHz -2.55 -2.54 -2.53
332 MHz -2.5 -2.58 -2.59
Rejection (Sz1)
166 MHz -39.5 -38.7 -38.6
419 MHz -40.3 -41.8 -41.9
Return Loss (Sz2)
219 MHz -13.3 -13.2 -13.2
332 MHz -15.0 -15.0 -15.1

Table 4: Effect of Heat Sink on Insertion Loss and Return Loss

Generally, the filter assembly provides excellent electrical characteristics.
For example, the insertion loss for frequencies within the pass band is low, greater
than -2.5 dB. Additionally, the filter assembly exhibits excellent rejection of
frequencies outside the pass band frequency range, as shown above in Table 4
and in FIG. 14,

Referring to FIG. 14, the filter assembly also exhibits steep roll-off from the
passband frequency range. In other words, the insertion loss decreases rapidly for

frequencies outside the pass band range. For frequencies less than the lower
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bound of the pass band frequency range, 219 MHz, the insertion loss drops at an
average rate of about 0.68 dB / MHz to -39 dB at about 165 Mhz. For frequencies
greater than the upper bound of the pass band frequency range, 332 MHz, the
insertion loss drops at an average rate of about 0.45 dB / MHz to about -42 dB at
about 420 MHz. This steep roll off provides excellent isolation of the pass band
frequencies.

Additionally, in some embodiments, the thickness of the layer of thermally
conductive material may be selected to selectively tune one or more performance
characteristics of the filter assembly. For example, the performance characteristic
may include at least one of a pass band frequency range, an insertion loss
associated with the pass band frequency range, or a return loss. For instance,
based on the measured shift in pass band frequency range and/or return loss
discussed above, the thickness can be selected to purposefully tune or adjust the
pass band frequency range and/or return loss according to a desired value.
Because relatively large changes in the thickness of the layer of thermally
conductive material may produce relatively small changes in the performance
characteristics, the thickness of the layer may be selected to precisely tune one or
more performance characteristics of the filter assembly as needed.

C. Electrical Shielding Effect of Heat Sink

It was determined that the heat sink can provide beneficial electrical
shielding. Various filter assemblies were tested with conductive structures
arranged proximate the filter assemblies to detect the effect of such structures on
the performance characteristic of the filter assemblies. It was determined that the
heat sink layer can significantly protect the filter assembly from performance
degradation caused by nearby objects.

FIGS. 15A and 15B illustrate a large metal cylinder 1502 and a large metal
plane 1504, respectively, arranged proximate the filter assembly (obscured by the
cylinder 1502 and plane 1504). An input signal was applied to the input line and
the resulting output of the filter assembly 1302 was measured at the output line
1308 using a source measure unit (e.g., a 1306 Keithley 2400 series Source
Measure Unit (SMU))).

FIGS. 16A and 16B illustrate the degradation of performance for a filter
assembly that does not include a heat sink layer that is caused by the cylinder
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1502 and the plane 1504. For reference, the dashed line is a baseline insertion
loss when no objects are near the filter assembly to produce electrical interference.
As best seen in FIG. 16B, the metal plane 1504 causes the insertion loss in the
band pass range to decrease from about -2 dB to about -12 dB. Similarly, the
metal cylinder 1502 causes the insertion loss in the band pass range to decrease
from about -2 dB to about -7 dB.

Additionally, each of the metal plane and metal cylinder undesirably cause a
shift in the pass band frequency range of the filter assembly. With no interference,
the pass band ranges from about 225 MHz to about 300 MH. The metal plane
caused the pass band range to increase to a range of about 275 MHz to about 330
MHz. Similarly, the metal cylinder caused the pass band range to increase to a
range of about 350 MHz to about 480 MHz.

FIGS. 17A and 17B illustrate the electrical shielding effect of a heat sink
including a layer of thermally conductive material. More specifically, insertion loss
is plotted on the vertical axis and frequency is plotted on the horizontal axis. A filter
assembly including a layer of alumina having a thickness of 0.406 mm was tested
as described above with regards to FIGS. 15A through 15B. As best seen in FIG.
17B, the insertion loss is only slightly decreased by the presence of the plane and
cylinder. The plane causes the insertion loss to decrease from about -1.5 dB to
about -1.75 dB. Similarly, the cylinder causes the insertion loss to decrease from
about -1.5 dB to about -2.5 dB. These decreases are significantly smaller than
those measured for a filter assembly without a heat sink (as described above with
reference to FIGS 16A and 16B). Thus, the heat sink may provide a significant and
desirable electrical shielding effect.

D. Temperature Stability

As indicated above, filter assemblies according to aspects of the present
disclosure may exhibit excellent temperature stability. For example, the insertion
loss of a filter assembly according to aspects of the present disclosure can vary
less than 5 dB or less across large temperature ranges. Testing results are
presented in the “Examples” section below and discussed with reference to FIGS.
19A through 19C.
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VL. Additional Embodiments

In some embodiments, filter assembly may include multiple monolithic filters
according to aspects of the present disclosure. For example, referring to FIG. 18A,
in some embodiments, a filter assembly 1800 may include a first monolithic filter
1802 and a heat sink 1804 including layer 1806 of thermally conductive material.
The filter assembly 1800 may also include a second (additional) monolithic filter
1808 coupled to the layer 1806 of thermally conductive material of the heat sink
1804 in a stacked arrangement. The layer 1806 may have a first surface 1810 and
a second surface 1812 that is opposite the first surface 1810. The first monolithic
filter 1802 may have a top surface 1813. The top surfaced 1813 of the first
monolithic filter 1802 may be coupled to the first surface 1810 of the layer 1806 of
thermally conductive material. The second (additional) monolithic filter 1808 may
have a bottom surface 1815 that is coupled to the second surface 1812 of the layer
1806 of thermally conductive material. For example, the filters 1802, 1808 may be
coupled to the layer 1806 of thermally conductive material using respective layers
of adhesive 1814, 816. One or more connection points 1818 may be provided
along a bottom surface 1817 of the first monolithic filter 1802 for electrically
connecting the first monolithic filter 1802 with a mounting surface, such as a
printed circuit board. For example, solder 1819 may be used to connect the
connection points 1818 with various pads or connections on the printed circuit
board. In some embodiments, the second monolithic filter 1808 may also include
one or more connection points 1820 (e.g., wire bond pads) arranged on a top
surface 1821 of the second (additional) monolithic filter 1808. The connection
points 1820 may be soldered (represented by solder 1822) to electrical leads to
electrically connect the second monolithic filter 1808 with the printed circuit board
or another device or component.

FIG. 18B is a simplified side elevation view of a filter assembly 1850 that is
generally configured similarly to the filter assembly 1800 described above. The
filter assembly 1850 may additionally include one or more vias1824 that extend
from the second (additional) monolithic filter 1808 through the heat sink 1804 to
the first monolithic filter 1802 to electrically connect the second filter 1808 with the
first filter 1802 and/or with one or more connection points 1818 on the bottom
surface 1817 of the first filter 1802. For example, the second filter 1808 may be
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connected in series or parallel with the first filter 1802. In other embodiments, the
second filter 1808 and first filter 1802 may effectively function as a single filter. For
example, the first filter 1802 may be configured as a low pass filter, and the second
filter 1808 may be configured as a high pass filter, such that the filters 1802, 1808
may act as a band pass filter when connected together (e.g., in series). In some
embodiments, the filter assembly 1850 may be free of electrical connections on the
top surface 1821 of the second (additional) monolithic filter 1808. In some
embodiments, a second layer of the thermally conductive material may be coupled
to the top surface 1821 of the second monolithic filter 1808. Further, in some
embodiments the second layer of the thermally conductive material may include
thermal fins, similar to the thermal fins 511 described above with reference to
FIGS. 5A and 5B.

FIG. 18C is a simplified side elevation view of a filter assembly 1875 that is
generally configured similarly to the filter assembly 1850 described above but may
additionally include connection points 1820 (e.g., wirebond pads) on the top
surface 1820 of the second filter 1808.

VIl. Applications

The various embodiments of the filter assembly described herein may find
application in any suitable type of electrical component. The filter assembly may
find particular application in devices that receive, transmit, or otherwise employ
high frequency radio signals. Example applications include smartphones, signal
repeaters (e.g., small cells), relay stations, and radar.

Test Methods

The following section provides example methods for testing various

characteristics of a filter assembly according to aspects of the present disclosure.
Power Capacity

The power capacity of the filter assembly can be defined as the power level
that produces a steady state temperature of about 85 °C. The power capacity can
be measured using a Keithley 2400 series Source Measure Unit (SMU), for
example, a Keithley 2410-C SMU. The filter assembly may be mounted to a test
assembly as described above with reference to FIG. 13.

The filter assembly may be subjected to a sinusoidal input signal at a variety
of frequencies and amplitudes. The temperature of the filter assembly may initially
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be typical room temperature (24.8 °C). The sinusoidal input signal may be applied
at a test frequency. Example test frequencies include 113 MHz, 350 MHz, and
2,325 MHz.

Each filter assembly was subjected to a steady state power level (e.g.,
about 300 MHz sinusoidal signal with a root-mean-square power of 1 W) until the
filter assembly reached a steady state temperature. The power level was then
increased by a fixed step amount (e.g., 1 W) and maintained at the new higher
power level (e.g., about 300 MHz sinusoidal signal with a root-mean-square power
of 2W, 3 W, 4 W, etc.). This process was repeated until the steady state
temperature of the filter assembly was about 85 °C. The applied power at that
point is considered the power capacity of the filter. The above procedure may be
repeated using a variety of frequencies to establish the power capacity of the filter
assembly across a range of frequencies, if desired.

The area power capacity may be calculated by dividing the measured power
capacity of the filter assembly by the area or footprint of the surface-mount
component.

Insertion Loss

Insertion loss can be measured using a Keithley 2400 series Source
Measure Unit (SMU), for example, a Keithley 2410-C SMU. The filter assembly
may be mounted to a test assembly as described above with reference to FIG. 13.
An input of the filter assembly may be subjected to a sinusoidal input signal at a
variety of frequencies and amplitudes. An output signal of the filter assembly can
be measured at an output of the filter assembly. An amplitude of the output can be
compared with the input signal to calculate the insertion loss.

Examples

The following table presents the power capacity of various filter assemblies

tested according to the above-described method of measuring power capacity at a

variety of test frequencies as listed below:
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Power Capacity (W) Dimensions
Test | Without | Alumina | Aluminum | Max. ) " + | a Area
rea
Freq. Heat Heat Nitride Temp. ) Power
(MHz) | sink Sink | Heatsink | at5W | (Mm) | (mm) | (mm) | (Mm% | capacity
(°C) (W/mm?)
110 2 5 6 15.24 | 6.35 1.51 96.8 0.062
180 1 5 6 15.24 | 6.35 1.42 96.8 0.062
300 1 4 4 102 11.68 | 4.32 1.39 50.5 0.079
630 1 4 4 102 11.68 | 4.32 1.40 50.5 0.079
850 2 5 5 10.20 | 3.98 1.00 40.6 0.123
1150 2 4 4 97 8.67 3.98 1.37 34.5 0.116
1550 2 5 5 8.67 3.98 1.33 34.5 0.145
2150 3 5 5 7.79 3.98 1.11 31.0 0.161

Table 5: Power Capacity Test Results

The thickness values presented in Table 5 include the thickness of the layer

of thermally conductive material of the heat sink, which was 0.508 mm (0.02 in) for

these components.

A comparative test was conducted between a filter lacking a heat sink and a

filter having a heat sink including a layer of alumina with a thickness of 0.406 mm

(0.016 in) according to aspects of the present disclosure. The filters had a length of
9.14 mm (0.360 in) and a width of 4.42 mm (0.174 in). The following table presents
the maximum temperature of each filter at increasing power levels ranging from 5

W to 25 W at about 300 MHz.

28




WO 2020/060976 PCT/US2019/051413

Temperature Temperature with
Power (W) without Heat Sink Alumina Heat
(°C) Sink (°C)
5 103 63.4
6 117 71.6
7 131 80.2
8 145 88.4
9 160 96.6
10 174 106
11 188 113
12 206 123
13 223 133
14 242 140
15 261 149
16 280 160
17 297 170
18 318 180
19 339 191
20 359 201
21 >360 213
22 >360 222
23 >360 234
24 >360 244
25 >360 255

Table 6: Comparative Power Test Results for Alumina Heat Sink at about 300 MHz
The filter including a layer of alumina operated at lower temperatures for each
given power level. Similarly, at a given temperature, the filter including a layer of
alumina operated at a higher power level. For example, for a maximum acceptable
operating temperature of about 200 °C, the filter including a layer of alumina
operated at a power level of about 20 W, while the filter without a heat sink
operated at a power level of about 12 W.

The filter having a heat sink including a layer of alumina with a thickness of
0.406 mm (0.016 in) was also subjected to power levels ranging from 3 Wto 13 W

at about 225 MHz. The following table presents the results:
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Power (W) Temperature (°C)
3 70.2
4 85.9
5 102
6 121
7 141
8 167
9 195
10 227
11 259
12 296

Table 6: Power Test Results for Alumina Heat Sink at about 225 MHz
The filter exceeded 200 °C between 9 W and 10 W. Failure was observed at a
power level between 12 W and 13 W.
Afilter having a heat sink including a layer of alumina with a thickness of
0.406 mm (0.016 in) was also subjected to power levels ranging from 3 Wto 17 W

at about 500 MHz. The following table presents the results:

Power (W) Temperature (°C)
3 69.7
4 85
5 102
6 120
8 160
10 199
11 216
12 236
13 263
14 288
15 302
16 314

Table 7: Power Test Results for Alumina Heat Sink at about 500 MHz
The filter exceeded 200 °C between 10 W and 11 W. Failure was observed
between 16 Wand 17 W.
As indicated above, filters according to aspects of the present disclosure
may exhibit excellent temperature stability. The insertion loss characteristics of
several filters according to aspects of the present disclosure were built and tested.

The filters included heat sinks that each included a layer of alumina with a
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thickness of 0.406 mm (0.016 in). The filters had a length of 9.14 mm (0.360 in)

and a width of 4.42 mm (0.174 in).

FIG.19A is an insertion loss plot for a low pass filter assembly that was
measured at -55 °C, 25 °C, and 85 °C. As shown in FIG. 19A, insertion loss

measurements of the filter at three test temperatures were substantially identical.

For example, the insertion loss of the filter was substantially identical between the

three test temperatures at about 6 GHz and at about 8.3 GHz. The insertion loss

values measured at each temperature and frequency are listed in the below table:

Temperature Frequency Insertion Loss Insertion Loss Difference with

°C) (GHz) (dB) Measurement at 25 °C (dB)
-55 6.0 -0.494 0.307

25 6.0 -0.801 -

85 6.0 -0.961 0.160

=55 8.254 -40.03 0.15

25 8.26 -39.88 .

85 8.298 -39.99 0.11

Table 8: Low Pass Filter #1, Insertion Loss Temperature Stability

At about 6 GHz, the insertion loss measurements at -55 °C and 85 °C vary

less than 0.31 dB from the insertion loss measurement at 25 °C. At about 8.3 GHz,

the insertion loss measurements at -55 °C and 85 °C vary less than 0.17 dB from

the insertion loss measurement at 25 °C.FIG.19B is an insertion loss plot for

another low pass filter assembly according to aspects of the present disclosure
measured at -55 °C, 25 °C, and 85 °C. This low pass filter assembly has a cut off
frequency of about 5 GHz. As shown in FIG. 19B, the insertion loss of the filter was

substantially identical between the three test temperatures. More specifically, the

insertion loss values measured at each temperature and frequency are listed in the

below table:
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Temperature Frequency Insertion Loss Insertion Loss Difference with

cC) (GHz) (dB) Measurement at 25 °C (dB)
-55 4.3 -0.744 0.210

25 4.3 -0.954 -

85 4.3 -1.101 0.147

-55 6.099 -49.89 0.20

25 6.11 -49.69 -

85 6.126 -49.54 0.15

Table 9: Low Pass Filter #2, Insertion Loss Temperature Stability

At about 4.3 GHz, the insertion loss measurements at -55 °C and 85 °C vary less
than 0.22 dB from the insertion loss measurement at 25 °C. At about 6.1 GHz, the
insertion loss measurements at -55 °C and 85 °C vary less than 0.21 dB from the
insertion loss measurement at 25 °C.

FIG. 19C is an insertion loss plot for a band pass filter assembly according
to aspects of the present disclosure measured at -55 °C, 25 °C, and 85 °C. As
shown in FIG. 19C, the insertion loss of the filter was substantially identical across
the three test temperatures. More specifically, the insertion loss values measured

at each temperature and frequency are listed in the below table:

Temperature Frequency Insertion Loss Insertion Loss Difference with
°C) (GHz) (dB) Measurement at 25 °C
-55 3.086 -39.91 049
25 3.07 -40.4 -

85 3.075 -39.84 0.56
-55 3.998 -0.8208 0.4
25 3.998 -1.221 -
85 3.998 -1.401 0.18
-55 5.813 -1.089 0492
25 5813 -1.581 -
85 5813 -1.789 0.208
-55 7.51 -40.03 0.23
25 7.474 -39.8 -
85 7.474 -40.05 0.25

Table 10: Band Pass Filter, Insertion Loss Temperature Stability

At about 3.08 GHz, the insertion loss measurements at -55 °C and 85 °C vary less
than 0.6 dB from the insertion loss measurement at 25 °C. At about 4.0 GHz, the

insertion loss measurements at -55 °C and 85 °C vary less than 0.41 dB from the
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insertion loss measurement at 25 °C. At about 5.8 GHz, the insertion loss
measurements at -55 °C and 85 °C vary less than 0.5 dB from the insertion loss
measurement at 25 °C. At about 7.49 GHz, the insertion loss measurements at
-55 °C and 85 °C vary less than 0.3 dB from the insertion loss measurement at 25
°C.

These and other modifications and variations of the present disclosure may
be practiced by those of ordinary skill in the art, without departing from the spirit
and scope of the present disclosure. In addition, it should be understood that
aspects of the various embodiments may be interchanged both in whole and in
part. Furthermore, those of ordinary skill in the art will appreciate that the foregoing
description is by way of example only, and is not intended to limit the disclosure so

further described in such appended claims.
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WHAT IS CLAIMED IS:

1. A filter assembly comprising:

a monolithic filter having a surface; and

a heat sink coupled to the surface of the monolithic filter, the heat sink
comprising a layer of thermally conductive material that has a thickness that is
greater than about 0.02 mm.

2. The filter assembly of claim 1, wherein the monolithic filter comprises
an organic dielectric material.

3. The filter assembly of claim 2, wherein the organic dielectric
comprises liquid crystalline polymer.

4. The filter assembly of claim 2, wherein the organic dielectric
comprises polyphenyl ether.

. The filter assembly of claim 1, wherein the layer of thermally
conductive material comprises alumina.

6. The filter assembly of claim 1, wherein the layer of thermally
conductive material comprises aluminum nitride.

7. The filter assembly of claim 1, wherein the layer of thermally
conductive material defines at least one thermal fin.

8. The filter assembly of claim 1, wherein the thickness of the layer of
thermally conductive material is selected such that performance of the filter
assembly is substantially unaffected by the layer of thermally conductive material.

9. The filter assembly of claim 1, wherein the layer of thermally
conductive material is configured to electrically shield the filter.

10.  The filter assembly of claim 1, further comprising an additional
monolithic filter coupled to the layer of thermally conductive material of the heat
sink in a stacked arrangement such that the monolithic filter is coupled to a first
surface of the layer of thermally conductive material, and the additional monolithic
filter is coupled to a second surface of the layer of thermally conductive material
that is opposite the first surface of the heat sink.

11.  The filter assembly of claim 10, further comprising wirebond pads
coupled to the additional monolithic filter.

12.  The filter assembly of claim 10, wherein the additional monolithic
filter has a top surface and a bottom surface that is opposite the top surface of the
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additional monolithic filter, and wherein the wirebond pads are arranged on the top
surface of the additional monolithic filter.

13.  The filter assembly of claim 10, wherein the additional monolithic
filter is coupled with the layer of thermally conductive material at the bottom
surface of the additional monolithic filter.

14.  The filter assembly of claim 10, further comprising at least one via
extending from the additional monolithic filter through the heat sink to the
monolithic filter.

15.  The filter assembly of claim 1, wherein the filter assembly has an
area power capacity greater than about 0.05 W/ mm? at about 300 MHz.

16.  The filter assembly of claim 1, wherein the filter assembly has a
power capacity of greater than about 1 W at about 300 MHz.

17. A multi-layer organic filter assembly comprising:

a monolithic filter having a surface; and

a heat sink coupled to the surface of the monolithic filter, the heat sink
comprising a layer of thermally conductive material.

18.  The multi-layer organic filter assembly of claim 17, wherein the layer
of thermally conductive material has a thickness that is greater than about 0.02
mm.

19.  The multi-layer organic filter assembly of claim 17, wherein the
monolithic filter comprises liquid crystalline polymer.

20.  The multi-layer organic filter assembly of claim 17, wherein the
monolithic filter comprises polyphenyl ether.

21.  The multi-layer organic filter assembly of claim 17, wherein the layer
of thermally conductive material comprises alumina.

22.  The multi-layer organic filter assembly of claim 17, wherein the layer
of thermally conductive material comprises aluminum nitride.

23.  The multi-layer organic filter assembly of claim 17, wherein the layer
of thermally conductive material defines at least one thermal fin.

24.  The multi-layer organic filter assembly of claim 17, wherein the
thickness of the layer of thermally conductive material is selected such that
performance of the filter assembly is substantially unaffected by the layer of
thermally conductive material.
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25.  The multi-layer organic filter assembly of claim 17, wherein the layer
of thermally conductive material is configured to electrically shield the filter.

26.  The multi-layer organic filter assembly of claim 17, further comprising
an additional monolithic filter coupled to the layer of thermally conductive material
of the heat sink in a stacked arrangement such that the monolithic filter is coupled
to a first surface of the layer of thermally conductive material, and the additional
monolithic filter is coupled to a second surface of the layer of thermally conductive
material that is opposite the first surface of the heat sink.

27.  The multi-layer organic filter assembly of claim 26, further comprising
wirebond pads coupled to the additional monolithic filter.

28.  The multi-layer organic filter assembly of claim 26, wherein the
additional monolithic filter has a top surface and a bottom surface that is opposite
the top surface of the additional monolithic filter, and wherein the wirebond pads
are arranged on the top surface of the additional monolithic filter.

29.  The multi-layer organic filter assembly of claim 26, wherein the
additional monolithic filter is coupled with the layer of thermally conductive material
at the bottom surface of the additional monolithic filter.

30.  The multi-layer organic filter assembly of claim 26, further comprising
at least one via extending from the additional monolithic filter through the heat sink
to the monolithic filter.

31.  The multi-layer organic filter assembly of claim 17, wherein the filter
assembly has an area power capacity greater than about 0.05 W/ mm? at about
300 MHz.

32.  The multi-layer organic filter assembly of claim 17, wherein the filter
assembly has a power capacity of greater than about 1 W at about 300 MHz.

33.  Afilter assembly comprising:

a monolithic filter having a surface; and

a heat sink coupled to the surface of the monolithic filter, the heat sink
comprising a layer of thermally conductive material;

wherein:

the filter assembly exhibits a first insertion loss at about 25 °C and at

a first frequency;
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the filter assembly exhibits a second insertion loss at a second
temperature and at about the first frequency;

a temperature difference between the first temperature and the
second temperature is about 30 °C or greater; and

a difference between the second insertion loss and the first insertion
loss is about 5 dB or less.

34.  The filter assembly of claim 33, wherein the second temperature is
about 85 °C.

35.  The filter assembly of claim 33, wherein the second temperature is
about -55 °C.

36.  The filter assembly of claim 33, wherein the layer of thermally
conductive material has a thickness that is greater than about 0.02 mm.

37.  Thefilter assembly of claim 33, wherein the monolithic filter
comprises liquid crystalline polymer.

38.  The filter assembly of claim 33, wherein the monolithic filter
comprises polyphenyl ether.

39.  The filter assembly of claim 33, wherein the layer of thermally
conductive material comprises alumina.

40.  The filter assembly of claim 33, wherein the layer of thermally
conductive material comprises aluminum nitride.

41.  The filter assembly of claim 33, wherein the layer of thermally
conductive material defines at least one thermal fin.

42.  The filter assembly of claim 33, wherein the thickness of the layer of
thermally conductive material is selected such that performance of the filter
assembly is substantially unaffected by the layer of thermally conductive material.

43.  The filter assembly of claim 33, wherein the layer of thermally
conductive material is configured to electrically shield the filter.

44, The filter assembly of claim 33, further comprising an additional
monolithic filter coupled to the layer of thermally conductive material of the heat
sink in a stacked arrangement such that the monolithic filter is coupled to a first
surface of the layer of thermally conductive material, and the additional monolithic
filter is coupled to a second surface of the layer of thermally conductive material
that is opposite the first surface of the heat sink.
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45.  The filter assembly of claim 33, further comprising wirebond pads
coupled to the additional monolithic filter.

46.  The filter assembly of claim 33, wherein the additional monolithic
filter has a top surface and a bottom surface that is opposite the top surface of the
additional monolithic filter, and wherein the wirebond pads are arranged on the top
surface of the additional monolithic filter.

47.  The filter assembly of claim 33, wherein the additional monolithic
filter is coupled with the layer of thermally conductive material at the bottom
surface of the additional monolithic filter.

48.  The filter assembly of claim 33, further comprising at least one via
extending from the additional monolithic filter through the heat sink to the
monolithic filter.

49.  The filter assembly of claim 33, wherein the filter assembly has an
area power capacity greater than about 0.05 W/ mm? at about 300 MHz.

50.  The filter assembly of claim 33, wherein the filter assembly has a

power capacity of greater than about 1 W at about 300 MHz.
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