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CIRCUIT SUPPORT AND COOLING STRUCTURE

TECHNICAL FIELD

[0001] This disclosure relates generally to circuit support and cooling structures.
BACKGROUND
[0002] As is known in the art, one technique used to cool electrical circuits, such as
Monolithic Microwave Integrated Circuits (MMICs) include a substrate, such as Gallium
Arsenide, Gallium Nitride, Silicon, or Silicon Carbide, having active, heat generating
device, such as transistors, formed in a semiconductor region of the upper surface of the
substrate, and passive devices, such as transmission lines, resistors, inductors, and
capacitors, formed on the upper surface of the substrate. The bottom surface of the MMIC
substrate is bonded, and thermally coupled to a highly thermally conductive structure, such
as a package base/cold plate, as shown in FIGS. 1A-1C, where the MMIC (die) is attached
to the top, flat surface of the thermally conductive structure that is typically slightly larger
than the MMIC. In some cases, the MMIC is affixed (bonded) to a thermally conductive
structure having a base/cold plate directly using a Thermal Interface Material (TIM), such as

solder, as shown in FIG. 1A.

[0003] As is also known in the art Pyrolytic Graphite Sheets (PGS) graphite has been used
as a thermally conductive structure, as shown FIG. 1C. Here, the PGS graphite is disposed
between a heat sink, or cold plate, and a heat source; both the heat sink and heat source
being thermally coupled to the PGS graphite. The PGS graphite has anisotropic heat
conducting properties for conducing heat therethrough in the basal planes of the PGS
graphite. Here, the basal planes are disposed in planes parallel to the planar, upper surface
of the heat source to which the PGS graphite is attached; that is, the basal planes of the
PGS graphite are parallel to the upper surface of the heat source and the bottom surface of
the heat sink; thus, the preferred directions of the heat flow though the PGS graphite is an
anisotropic heat conducting properties for conducing heat therethrough along directions
parallel to the upper surface of the heat source and the bottom surface of the heat sink. See
also U. S. Patent No. 7,303,005 issued December 4, 2017 inventors Reis et al. See also U.
S. Patent Application Publication No. U. S 2003/0116312 A1, publication date June 26,
2003.
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[0004] As is also known in the art, ultra- high conductivity thermally conductive structures
such as diamond are often used; however these thermally conductive structures are costly
and the low thermal expansion of diamond can create undesirable mechanical strain on the
interface materials and/or require lower thermally-performing, stress absorbing materials to
handle the thermal expansion mismatch from diamond to the typically higher expansion
ceramics such as Si or SiC on the device side; and metals such as copper or aluminum for

the thermally conductive base.

[0005] As is also known in the art, in many applications it is desirable to also minimize the
amount of surface area used to mount MMICs. For example, in some applications, MMICs
are mounted on surfaces of stacked printed circuit boards and the printed circuit boards are
electrically interconnected by vertical conducive vias passing vertically through the
boards. In some applications, thermally conductive vias are used to remove heat from
power generating components of the MMIC and pass such heat to a cold plate mounted to
the bottom of the bottom one of the stacked printed circuit board while the MMICs and

devices are arranged laterally thereby using valuable printed circuit board surface area.

[0006] As is also known in the art, three-dimensional molded interconnect devices have
been reported in a paper entitled: PHOTONICS APPLIED MICROELECTRONICS
PROCESSING: Laser direct structuring creates low-cost D integrated circuits by Doug
Gries October 10, 2010. Laser Focus World, Pennwell Corporation. See also “Three
dimensional transmission lines and power divider circuits” by Ali Darwish ; Amin
Ezzeddine published Design & Technology of Integrated Systems in Nanoscal Era, 2009,
DTIS '09. 4th International Conference on 6-9 April 2009 and IEEE Xplore: 15 May 2009.

SUMMARY

[0007] In accordance with the present disclosure, a structure is provided, comprising: a
three-dimensional, thermally conductive support structure comprising a plurality of
surfaces; and, a circuit, comprising a plurality of heat generating electrical components
disposed on a first portion of plurality of surfaces of the thermally conductive support
structure and interconnected by microwave transmission lines disposed on a second

portion of the plurality of surfaces of the thermally conductive support structure.
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[0008] With such arrangement, surface area of the circuit in reduced by using a three-
dimensional, thermally conductive support structure to remove heat generated by heat

generating electrical components of the circuit.

[0009] In one embodiment, the thermally conductive material has anisotropic heat
conducting properties for conducting heat therethrough along a preferred plane, the
preferred plane intersecting the first portion of the plurality of surfaces of the, thermally

conductive support structure.

[0010] In one embodiment, the thermally anisotropic material has a conductive material

disposed on the plurality of surfaces.

[0011] In one embodiment, the conductive material provides a ground plane conductor for

the microwave transmission lines.

[0012] In one embodiment, the heat generating electrical components have bottom

surfaces thermally coupled and bonded to the conductive material.

[0013] In one embodiment, a heat sink is thermally coupled to one of the plurality of

surfaces.

[0014] In one embodiment, a structure is provided, comprising: a substrate having an
input microwaves transmission line and an output microwave transmission line; a three-
dimensional, thermally conductive support structure comprising a plurality of surfaces;
and, a circuit, comprising a plurality of heat generating electrical components disposed on
different ones of the plurality of surfaces of the thermally conductive support structure and
interconnected by microwave transmission lines disposed on different ones of the plurality
of surfaces of the thermally conductive support structure; and wherein the circuit is
electrically connected to the input microwaves transmission line and an output microwave

transmission line.

[0015] In one embodiment, a cooling structure is provided, comprising: a heat spreader
comprising thermally anisotropic material, such material having anisotropic heat
conducting properties for conducting heat therethrough along a preferred plane; and, a

circuit, comprising a plurality of heat generating electrical components disposed on
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different ones of a first portion of the plurality of surfaces of the heat spreader and
interconnected by microwave transmission lines disposed on different ones of the

plurality of surfaces of the heat spreader.

[0016] In one embodiment, the plurality of surfaces having the heat generating electrical

components intersect the preferred plane of the thermally anisotropic material.

[0017] In one embodiment, the thermally anisotropic material has a conductive material

disposed on the plurality of surfaces.

[0018] In one embodiment, the conductive material provides a ground plane conductor for

the microwave transmission lines.

[0019] In one embodiment, the heat generating electrical components have bottom surface

thermally coupled and bonded to the conductive material.

[0020] In one embodiment, the cooling structure includes a heat sink thermally coupled to

one of the plurality of surfaces.

[0021] In one embodiment, a cooling structure is provided, comprising: a substrate
having: a plurality of microwave transmission lines disposed on an upper surface of the
substrate; and an opening passing through the substrate. A cold plate having a cavity
formed in an upper surface of the cold plate is thermally coupled to a bottom surface of the
substrate. A heat spreader is provided comprising thermally anisotropic material, such
material having anisotropic heat conducting properties for conducting heat therethrough
along a preferred plane is provided. The heat spreader has a lower portion passing through
the opening onto a bottom surface of the cavity, A circuit is disposed on an upper portion
of the heat spreader, the circuit comprising a plurality of heat generating electrical
components disposed on different ones of a first portion of a plurality of surfaces of the
heat spreader and interconnected by microwave transmission lines disposed on a second
portion of the plurality of surfaces of the heat spreader, the preferred plane intersecting the

first portion of a plurality of surfaces of the heat spreader.

[0022] In one embodiment, a substrate is provided having an input microwaves

transmission line and an output microwave transmission line and wherein the circuit is
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electrically connected to the input microwaves transmission line and an output microwave

transmission line.

[0023] The details of one or more embodiments of the disclosure are set forth in the
accompanying drawings and the description below. Other features, objects, and
advantages of the disclosure will be apparent from the description and drawings, and from

the claims.

BRIEF DESCRIPTION OF DRAWINGS
[0024] FIGS. 1A-1C are cross sectional diagrammatical sketches of Monolithic Integrated
Circuit (MMIC) cooling structures according to the PRIOR ART;

[0025] FIG. 1D is a cross sectional diagrammatical sketch of a cooling system using a

Pyrolytic Graphite Sheets (PGS) graphite heat spreader according to the PRIOR ART;

[0026] FIGS. 2A-2D are simplified, diagrammatical, perspective sketches of a cooling

structure according to the disclosure;

[0027] FIG. 2A’ is an enlarged portion of the cooling structure shown in FIG. 2A, such
portion being enclosed by the arrow labelled 2A’-2A” in FIG. 2A, according to the

disclosure;

[0028] FIG. 3A is a schematic block diagram of a circuit formed on a thermal heat

spreader of the cooling structure of FIGS. 2A-2D according to the disclosure;

[0029] FIG. 3B is a simplified, diagrammatical sketch the cooling structure of FIGS. 2A-

2D according to the disclosure;

[0030] FIG. 4 is an exploded, perspective diagrammatical sketch of the thermal heat
spreader of FIGS. 3A and 3B, with portions of one of the e elements thereof being
partially broken away to show a portion of a bottom surface of such element of the thermal

heat spreader of the cooling structure of FIGS. 2A-2D according to the disclosure;

[0031] FIG. 5 is an exploded, diagrammatical perspective view sketch, of the cooling

structure of FIGS. 2A-2D according to the disclosure;
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[0032] FIGS. 6A -6D are simplified, side elevation views of the cooling structure of FIGS.
2A-2D according to the disclosure showing heat flow through the cooling structure of

FIGS. 2A-2D according to the disclosure;

[0033] FIGS. 7A and 7B together is a flow diagram of the process used to form the
cooling structure of FIGS. 2A-2D according to the disclosure;

[0034] FIGS. 8 through FIG. 12D are diagrammatical sketches useful in understand the
process used to form the cooling structure of FIGS. 2A-2D;

[0035] FIGS. 13A and 13B are diagrammatical, cross-sectional sketches of a portion of
the cooling structure of FIGS. 2A-2D showing the process used to electrically interconnect
a microwave transmission line of the heat spreader of FIG. 4 with an exemplary one of an
electrical component, partially broken, attached to a side of the heat spreader at various

steps in such process according to the disclosure;

[0036] FIG. 14 is schematic block diagram of an H-bridge circuit adapted for

configuration on four sides of a heat spreader according to the disclosure; and

[0037] FIG. 14A and 14B are simplified, diagrammatical, perspective sketches of a

cooling structure according to the disclosure.

[0038] Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION

[0039] Referring now to FIGS. 2A-2D, 3A and 3B and FIG. 5, a cooling structure 10 for
cooling active, heat generating electrical components , here for example, a pair of Field
Effect Transistor (FET) MMIC power amplifiers 12a, 12b connected between passive
circuits, or electrical components, here for example, a power splitter 14 and a power
combiner 16, by microwave transmission lines 17a, 17b, respectively, and microwave
transmission lines 17¢, 17d, respectively, as shown, to form a portion of the electrical

circuit 18, as shown in FIG. 3. The MMIC power amplifiers 12a, 12b, power splitter 14,
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power combiner 16 and microwave transmission lines 17a, 17b, 17¢ and 17d are disposed
on a heat spreader 24, to be described and shown in more detail in FIG. 4. It is to be noted
here, however, that the pair of MMIC power amplifiers 12a, 12b are thermally coupled to
a heatsink/cold plate 19 of the cooling structure 10 through a thermally coupled heat

spreader 24 to be described in more detail in connection with FIG. 4.

[0040] More particularly, referring again to FIGS. 2A and 2B, the power splitter 14 is a
conventional four-port power splitter, disposed on SIDE 1 of the heat spreader 24, for
having: one port fed by an RF input signal on transmission line 17¢, a second port
connected to conventional matched impedance terminator 20a, disposed on SIDE 1 of the
heat spreader 24, through microwave transmission line 17f; and a pair of output ports,
each one being coupled to a corresponding one of a pair of the pair of MMIC power
amplifiers 12a, 12b , disposed on opposites SIDE 2 and SIDE 4, respectively, of the heat
spreader 24, through the pair of microwave transmission lines 17a, 17b, respectively, as
shown. The outputs of each one of the MMIC power amplifiers 12a, 12b is coupled as
inputs to the conventional four-port power combiner 16, disposed on SIDE 3 of the heat
spreader 24, here a conventional four-port power combiner 16 (here also disposed on the
heat spreader 24), having a pair of output ports through the microwave transmission lines
17¢c, 17d, respectively, as shown; one of the pair of output ports providing an RF output
signal on microwave transmission line 17g and the other being connected to a
conventional matched terminator 20b, disposed on SIDE 3 of the heat spreader 24, through
microwave transmission line 17h, as shown. Here the microwave transmission lines 17a-
17h are microstrip transmission lines. Referring now to FIG. 5, it is noted that a bottom
portion of the heat spreader 24 passes through an opening 29 in a printed circuit board 13
having: a dielectric substrate 22 and a ground plane conductor 23 on a bottom surface of
the substrate 22. The printed circuit board 13 has formed on the upper surface thereof: a
transmission line 17¢” which is connected to a microwave transmission line 17¢” formed
on side 1 of the heat spreader 24, the transmission line 17¢” and connected transmission
line 17e” forming the input transmission line 17e, and a transmission line 17g” which
connects to a microwave transmission line 17g” formed on side 3 of the heat spreader 24,
the transmission line 17g” and connected transmission line 17g” forming the input

transmission line 17g.

[0041] As shown more clearly in FIG. 5, the bottom portion of the heat spreader 24 passes

through the opening 29 in the printed circuit board 13 onto a bottom surface 31 of a cavity
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15 formed an portion of an upper surface 33 of a cold plate 19. A suitable thermal
interface material (TIM)such as solder or thermally conductive adhesive 53 (FIGS. 2A,
2A”) is used to bond the upper surface 33 of the cold plate to the ground plane conductor
23 and the bottom surface of the heat spreader 24 and lower portions of the sidewalls to
the heat spreader 24 to the sidewalls and bottom surface of the of the cavity 15, as shown
in FIG. 2A' The microstrip transmission lines 17e” and 17g’, here microstrip transmission
lines, are formed on the printed circuit board 13 by strip conductors 21a disposed on
portions of the upper surface of the dielectric substrate 22 and a ground plane conductor

23 disposed on the bottom surface of the dielectric substrate 22.

[0042] The heat spreader 24, here in this example, is a three-dimensional, thermally
conductive support structure, multi-sided, here in this example, a six-sided structure, and
is shown in more detail in FIG. 4 having a six-sided thermally anisotropic material 28,
here for example pyrolytic graphite, having basal planes, indicated by dashed lines 30
disposed, in this example, in the Y-Z plane, that is, in this example, perpendicular to the
upper surface 32 and the bottom surface 34 of the thermally anisotropic material 28. Thus,
heat spreader 24 has anisotropic heat conducting properties for conducting heat
therethrough along preferred planes (the basal planes 30). Here, in this example, the four
vertical sides (Side 1, Side 2, Side 3 and Side 4) of the heat spreader 24, and the thermally
anisotropic material 28 are rectangular is shape, here longer along the Z-axis than along
either the X-axis or Y-axis. It should be understood that other shapes may be used, for
example, they may have more or less than four sides, further, the bottom portion of the
heat spreader 24, and the thermally anisotropic material 28 may be tapered. Further, as
will be described in more detail below, the basal planes 30 intersect the bottom surface
having the ground plane 51 of the heat generating MMIC power amplifiers 12a, 12b, here
at ninety degree angles. It should be noted that while, in this example, the upper, or top,
and lower, or bottom, surfaces 32, 34 of the thermally anisotropic material 28, are in the
X-Y plane, the basal planes 30 may be in the X-Z plane, or one portion of the basal planes
may be in the Y-Z plane and another portion may be in the X-Z plane.

[0043] The heat spreader 24 includes a thermally and electrically conductive material 36,
here for example a metal, such as copper, serves as an encasing material, sometimes
referred to herein as an encapsulation material 36, to encase all six outer surfaces (top,
bottom and four sides) of the thermally anisotropic material 28. More particularly, the six

outer surface of the thermally anisotropic material 28 are brazed to the thermally
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conductive material 36 with a suitable brazing material 38, here for example, CuSil an
alloy of 72% silver and 28% copper {+ 1%} marketed by Morgan Advanced Materials,
Quadrant 55-57 High Street Windsor Berkshire, United Kingdom, SL4 1LP; a euiectic
alloy primarily used for vacuum brazing. In another method of attachment, no external
bonding agent is used between thermally anisotropic material 28 and thermally conductive
material 36; for example using heat and pressure, such as thermo-compression bonding or
hot isostatic pressing, for example. Thus, the thermally conductive material 36 is an
encapsulating material used to encapsulate the thermally anisotropic material 28 and is

sometimes also referred to herein as encapsulation material 36.

[0044] In addition, all six outer surfaces do not have to be made out of the same
encapsulation material 36. In one example, the surface of the encapsulation material 36 in
contact with the MMIC power amplifiers 12a, 12b can be made out of a high-thermal
conductivity, but low CTE metal, such as Tungsten (4 PPM/°C), Molybdenum (5.5
PPM/°C), an alloy of Copper-Tungsten (5 — 10 PPM/°C), an alloy of Copper-Molybdneum
(6 — 10 PPM/°C), or other such materials. In another example, this surface of material 36
in contact with the MMIC power amplifiers 12a, 12b can be made out of a ceramic, for
example, Aluminum-Nitride (4.5 PPM/°C), or Silicon Nitride (3.5 PPM/°C), or others,
which also have high thermal conductivity and a lower CTE. In doing so, an attachment
surface, that is, the surface of encapsulation material 36 in contact with the MMIC power
amplifiers 12a, 12b has a lower CTE, as compared to metal like Copper (18 PPM/°C).
Since the MMIC power amplifiers 12a, 12b, here have a substrate 50 (FIG. 6C, 6D) made
of, for example, Silicon Carbide, which has a lower CTE (2.8 PPM/°C), the use of a high
thermal conductivity with low CTE material on the top surface of encapsulation material
36 provides good thermal transport with improved CTE matching between the substrate 50
of the MMIC power amplifier 12a, 12b and the underlying heat spreader structure 24. A
higher degree of CTE matching between the substrate 50 of the MMIC power amplifier
12a, 12b and the underlying heat spreader structure 24, thus achieved, reduces thermal-
induced stresses in the substrate 50 of the MMIC power amplifier 12a, 12b when the
cooling structure 10 is exposed to temperature excursions during operation. Thus,
improved CTE matching improves the mechanical reliability of the cooling structure 10 by
lowering thermal-induced stresses. Better degree of CTE matching thus achieved, also
helps increase the choice of materials available to be used for the Thermal Interface
Materials (TIM) (e.g. solder), here layer 48a, (FIGS. 6C and 6D) and to be described in
more detail in connection with FIGS. 9A through 12D used to attach a ground plane 51
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(FIGS. 6C and 6D) on the bottom of the substrate 50 of the MMIC power amplifier 12a,
12b to the heat spreader 24 because TIM layer 48a stresses are lowered. This further
improves thermal transfer from the substrate 50 of the MMIC power amplifier 12a, 12b
into cold plate/heat sink 19 through TIM layer 48 and heat spreader 24. For example, if the
CTE mismatch between the substrate 50 of the MMIC power amplifier 12a, 12b and the
top surface of the heat spreader 24, more particularly the encapsulating material 36, was
higher, only a certain category of materials could be used for TIM layer 48a because,
being disposed between the substrate 50 of the MMIC power amplifier 12a, 12b and the
surfaces of the encapsulation material 36 of heat spreader 24, thermally coupled to the
MMIC power amplifier 12a, 12b they would now be subjected to higher thermal-induced
stresses. With better CTE matching between substrate 50 of the MMIC power amplifier
12a, 12b and the heat spreader 24, a larger number of thermally higher performing TIM
materials become available as options. In this example, the encapsulation layer material
36, can be of Copper (18 PPM/°C) and can be perfectly CTE- matched to the heat
sink/cold plate 19 also made of copper. Thus, improved CTE matching is achieved on all
sides of the spreader 24 by employing a combination of encapsulation materials rather
than one single material. It is also possible to employ different materials for all or some of
the remaining sides, as dictated by the CTE matching and thermal transfer needs of a
given application. Thus all or any of the six encapsulating sides can be made out of a
metal or a non-metal, as noted above. If non-metal then the added step of writing the
ground plane precedes writing the dielectric. The power splitter 14 and power combiner
16 are also bonded to the heat spreader 24 using a TIM e layer 48b (FIGS. 6A and 6B).
Likewise the terminators 20a, 20b are also bonded to the heat spreader 24 using a TIM
layer 48¢ (FIGS. 6A and 6B). As noted above, here the microwave transmission lines
17a-17g are here microstrip transmission lines with portions of such lines being bonded to
the heat spreader. It is noted that to provide CTE matching the TIM layer 48a, 48b and
48c may be different bonding material CTEs. It is noted that the basal planes 30 are
parallel to sides 2 and 4 and perpendicular to sides 1 and 3 and hence perpendicular to the
bottom surfaces of the power amplifiers 12a, and 12b. The heat flow from the power
amplifiers 12a, 12b to the heat sink/cold plate 19 is shown by the arrows 61 in FIGS. 6A-
6D. It is noted that a device region R1 (reference Fig 2) is disposed on the upper surface
of substrate 50, such region R having therein active devices, here, for example, FETs,
passive devices, such as, for example, resistors, capacitors and inductors, and
interconnecting microwave transmission lines arranged in any conventional manner to

form the pair of the Field Effect Transistor (FET) MMIC power amplifiers 12a, 12b. Itis
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also noted that the power splitter 14 and power combiner 16 components have passive
device regions R2(reference Fig 2) having for example, microwave transmission lines
arranged to form such power splitter 14 and power combiner 16 in any conventional
manner. Likewise, the terminators 20a, 20b have passive devices, such as resistors,
arranged in any conventional manner to provide proper impedance machining termination

components.

[0045] As described above, the bottom portion of the heat spreader 24 passes through an
opening 29 in the printed circuit board 13 onto the bottom surface of a cavity 15 formed a
portion of an upper surface of a cold plate 19. Thus, as shown in FIG. 2A’, a small gap 60
is left between the ends of the microwave transmission lines 17¢’, 17g” on the printed
circuit board 13 and the bottom portion of the heat spreader 24. This gap 60 is filled by
injection into the upper portion of the gap 60 with an elastic dielectric material 63, such as
a silicone material, as shown. Next bridging strip conductor 64 is printed onto the
dielectric material 63 to electrically interconnect the strip conductor 21a on the printed
circuit board 13 of the microwave transmission lines 17¢’, 17g’ of the dielectric substrate
22 to the strip conductor 21b (Fig 5) of the microwave transmission lines 17e”, 17g” on

the heat spreader 24 and thereby form transmission line 17¢e, 17g as described above.

[0046] It is noted that the conductive encapsulation material 36 is electrically and
thermally connected to the heat sink 197 and therefore to the ground plane conductor 23 of
the printed circuit board 13. Thus, other passive elements in addition to directional
couplers and power divider/combiners, such as resistors, capacitors, and inductors, for
example, may be formed on the sides of the heat spreader 24 using dielectric material and
conductive material arranged appropriately to form such passive devices. For example, a
resistive material may then be printed over the dielectric material printed and cured on the
conductive encapsulation material 36 in a region where a resistor is to be formed with one
end of the resistive material being connected to a strip conductor of a microwave
transmission line and the other end being connected to a printed strip conductor that passes
over the edge of the dielectric material to the conductive encapsulation material 36, which
as noted above, is electrically connected to the ground plane conductor 23. For example,
the terminators 20a, 20b may be such a resistor having an impedance to provide a matched

load for the electrical circuit 18 (FIGS. 3A, 3B).
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[0047] Referring now to FIG. 7, a flow diagram of the process used to form the cooling
structure 10, FIGS. 2A-2D is shown. It is first noted that the process may be performed
using computer controlled Additive Manufacturing (AM) or 3D printed processes. The
heat spreader 24 is formed (FIG. 8), Step 100. The MMIC power amplifiers 12a,12b,
splitter 14 and combiner 16 are attached to sides of the formed heat spreader 24 with TIM
48a with the ground plane conductors 51 as described above in connection with FIGS. 6C
and 6D (FIGS. 9A-9D) Step 200. It is again noted that the ground plane conductors 51 of
the MMIC power amplifiers 12a,12b are perpendicular to the basal planes 30 while the
ground plane conductors 51 of the splitter 14 and combiner 16 are parallel to the basal
planes 30, see FIGS. 6A-6D, A dielectric material 71 is printed and then cured over the
heat spreader 24 in regions exposed by the attached MMIC power amplifiers 12a, 12b,
splitter 14, combiner 16 and terminators 20a, 20b and also leaving the lower and bottom
portions of the heat spreader 24 uncovered thereby leaving the encapsulating material 36
exposed on the lower and bottom portions of the heat spreader 24 (FIGS. 10A-10D), Step
300 . A dielectric material 73 is printed and then cure to fill any seam, or small space 57
(FIG. 13A), that may exist between the cured dielectric material 71 and the components:
the MMIC power amplifiers 12a, 12b; splitter 14; and combiner 16, and terminators 20a,
20b, as shown in FIGS. 13A and 13 B for an exemplary one of the components, here for
example, the MMIC power amplifier 12a, (FIGS. 11A-11D). Step 400. Strip conductors
21b (FIG. 5, 12A-12D) are printed and cured on the dielectric materials 71 and 73 to form
the microwave transmission lines 17a-17h and 17g” and 17h” to interconnect the
components thereby forming the portion of the circuit 18 (FIG. 3A) on the upper portion
91(FIGS. 5, 12A-12D) of the sides 1-4 of heat spreader 24, Step 500. The dielectric
material *73 has alow Young’s modulus (an elastic dielectric material such as, for
example, silicone). The Young” s modulus is selected to enable expansion and contraction
of such elements over the temperature operating and storage range without resulting in

breakage of electrical interconnect passing over such gap filling materials.

[0048] Form the input and output microwave transmission lines interconnects 17¢’, 17g’
are on printed circuit board 13, such printed circuit board 13 having the opening 29
passing through it for receiving the lower portion 92 (FIGS. 5, 12A-12D) of the heat

spreader 24, Step 600.

[0049] The cold plate 19 is formed with the cavity 15 in the upper surface, Step 700.
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[0050] A thermal interface material (TIM) 53, here for example solder, is applied to the
upper surface of the cold plate 19 and to the sidewalls and bottom of cavity 15 in cold
plate 19 (FIG. 2A”), Step 800. The lower portion 92 (FIGS. 5, 12A-12D) of the heat
spreader 24 is inserted through the opening 29 in the printed circuit board 13 onto the
bottom surface of the cavity 15 in the cold plate 19. It is noted in FIG. 2A’ that vertical
edges of the opening 29 in the printed circuit board 13 are spaced from the encapsulating
material 36 on the sides of the lower portions 92 of the heat spreader 24 thereby leaving a
gap 60 between the vertical edges of the printed circuit board 13 and the encapsulating
material 36, Step 900. It is noted in FIG. 2A° that the thermal interface material (TIM) 53
is applied below the level of strip conductors of the input and output microwave
transmission lines interconnects 17e’, 17g” and the TIM 53 is used to bond the
encapsulating material 36 to the sidewalls and bottom surface of the heat spreader 24 to
the sidewalls and bottom of the cavity 15 and also bond the printed circuit board 13 (the
ground plane conductor 23 (FIG. 2A”) to the upper surface of the cold plate 19 by reflow
or curing, Step 1000. A dielectric material 63 (FIG. 2A”) having a low Young’s modulus
(an elastic dielectric material such as, for example, silicone) is printed and then cured in
the gap 60 above the thermal interface material (TIM) 53 (FIG. 2A”), Step 1100. The
Young’ s modulus is selected to enable expansion and contraction of such elements over
the temperature operating and storage range without resulting in breakage of electrical
interconnect passing over such seam or bridge gap filling materials. Bridging strip
conductors 64 are printed and then cured over portions of strip conductors of the
microwave transmission lines 17¢’, 17g” on dielectric substrate 22 and cured over
portions of strip conductors of the microwave transmission lines 17e”, 17g” on the
dielectric material 71 to electrically interconnect the input and output microwave
transmission lines 17e, 17g on the printed circuit board 13 with the microwave
transmission lines 17e, 17g on the heat spreader 24 and thereby complete the circuit 18,

Step 1200.

[0051] It should be understood that other sequences and procedures may be used to
maximize yield and performance. Further, it should be understood that the Coefficients of
Thermal Expansions (CTEs) of bonding material used should be selected to match as
closely as possible the CTEs of the elements being bonded and still have sufficient
bonding strength over the temperature operating and storage range. Likewise, dielectric
filling materials used to fill gaps and seams between elements should have sufficient

elasticity (Young’s modulus) to enable expansion and contraction of such elements over
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the temperature operating and storage range without resulting in breakage of electrical
interconnect passing over such seam or bridge gap filling materials. It should be noted
that the transmissions and splitter, combiner or other matching networks and
accompanying bias networks may be realized on the structure 24 in a number of ways.
Dielectric materials may be additively printed using paste or filament and the strip
conductors on the heat spreader 24 may be printed using AM or 3D printing. Alternately,
the circuit may be formed on a flexible, conformable substrate and then bonded to the
structure 24 with a suitable TIM. The microwave transmission lines 17a-17h may be
formed using, for example, computer controlled Additive Manufacturing (AM) or 3D
printing, for example. In addition, while the example has described microwave
transmission lines, bias control lines including lines +V, -V (FIGS. 2A-2D) for supplying
voltages to the MMIC amplifiers 12a, 12b may also be printed on dielectric layer 71 on the

same or additional layers of dielectric 71.

[0052] Tt should now be appreciated a structure according to the disclosure includes: a
three-dimensional, thermally conductive support structure comprising a plurality of
surfaces; and, a circuit, comprising a plurality of heat generating electrical components
disposed on a first portion of the plurality of surfaces of the, and interconnected by,
microwave transmission lines disposed on a second portion of the plurality of surfaces of
the thermally conductive support structure. The structure may include one or more of the
following features, individually or in combination, to include: wherein the thermally
conductive material has anisotropic heat conducting properties for conducting heat
therethrough along a preferred plane, the preferred plane intersecting first portion of the
plurality of the surfaces of the thermally conductive support structure; wherein the
plurality of surfaces having the heat generating electrical components disposed thereon
intersect the preferred plane of the thermally anisotropic material; wherein the thermally
anisotropic material has a conductive material disposed on the plurality of surfaces;
wherein the conductive material provides a ground plane conductor for the microwave
transmission lines; wherein the heat generating electrical components have bottom surface
thermally coupled and bonded to the conductive material; including a heat sink and
wherein a heat sink is thermally coupled to the plurality of surfaces having the heat
generating electrical components; or wherein the three-dimensional, thermally conductive

support structure has an outer layer, the outer layer having a Coefficient of Thermal
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Expansion (CTE) selected in accordance with a CTE of the heat generating electrical

components.

[0053] Tt should now be appreciated a cooling structure according to the disclosure
includes: a heat spreader comprising thermally anisotropic material, such material having
anisotropic heat conducting properties for conducting heat therethrough along a preferred
plane; and, a circuit, comprising a plurality of heat generating electrical components
disposed on different ones of a first portion of the plurality of surfaces of the heat
spreader and interconnected by microwave transmission lines disposed second, different
ones of the plurality of surfaces of the heat spreader. The cooling structure may include
the feature wherein the plurality of surfaces having the heat generating components

thereon intersect the preferred plane of the thermally anisotropic material.

[0054] It should now be appreciated a cooling structure according to the disclosure
includes: a substrate having: a plurality of microwave transmission lines disposed on an
upper surface of the substrate; and an opening passing through the substrate; a cold plate
having a cavity formed in an upper surface of the cold plate, the upper surface being
thermally coupled to a bottom surface of the substrate; a heat spreader comprising
thermally anisotropic material, such material having anisotropic heat conducting
properties for conducting heat therethrough along a preferred plane, the heat spreader
having a lower portion passing through the opening onto a bottom surface of the cavity,
the; and, a circuit, disposed on an upper portion of the heat spreader, the circuit
comprising a plurality of heat generating electrical components disposed on different ones
of a first portion of a plurality of surfaces of the heat spreader and interconnected by
microwave transmission lines disposed on a second portion of the plurality of surfaces of
the heat spreader, the preferred plane intersecting the first portion of a plurality of surfaces
of the heat spreader. The cooling structure may include one or more of the following
features, individually or in combination, to include: wherein the thermally anisotropic
material has a conductive material disposed on the plurality of surfaces; wherein the
conductive material provides a ground plane conductor for the microwave transmission
lines; wherein the heat generating electrical components have bottom surface thermally
coupled and bonded to the conductive material; or wherein the substrate has an input
microwaves transmission line and an output microwave transmission line and wherein the
circuit is electrically connected to the input microwaves transmission line and an output

microwave transmission line.
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[0055] Tt should now also be appreciated a structure according to the disclosure includes: a
substrate having an input microwaves transmission line and an output microwave
transmission line; a three-dimensional, thermally conductive support structure comprising
a plurality of surfaces; and, a circuit, comprising a plurality of heat generating electrical
components disposed on different ones of the plurality of surfaces of the heat spreader and
interconnected by microwave transmission lines disposed on different ones of the plurality
of surfaces of the heat spreader; and wherein the circuit is electrically connected to the

input microwaves transmission line and an output microwave transmission line.

[0056] It should now also be appreciated a structure according to the disclosure includes: a
three-dimensional, thermally conductive support structure having a plurality of sides; and
a circuit, comprising: a plurality of microwave transmission lines disposed on the plurality
of sides of the three-dimensional, thermally conductive support structure; a pair of
amplifiers bonded, and thermally coupled, to a first pair of the plurality of sides of the
three-dimensional, thermally conductive support structure; a splinter bonded to a third one
of the plurality of sides of the three-dimensional, thermally conductive support structure; a
combiner bonded to a fourth one of the plurality of sides of the three-dimensional,
thermally conductive support structure; and wherein the pair of amplifiers, the splinter,
and the combiner are electrically interconnected with the plurality of microwave
transmission lines, an input one of the plurality of microwave transmission lines being
coupled to an input of the splitter, each one of a pair of outputs of the splitter being
coupled to an input of a corresponding one of the pair of amplifiers through a first pair
of the plurality of microwave transmission lines, each one of a pair of outputs of the pair
of amplifiers being coupled to a corresponding one of a pair of inputs of the combiner
through a second pair of the plurality of microwave transmission lines, an output of the
combiner being coupled to an output one of the plurality of microwave transmission lines.
The structure may include one or more of the following features, individually or in
combination, to include: wherein the pair of amplifiers is bonded to opposite side of the
plurality of sides of the three-dimensional, thermally conductive support structure;
wherein the thermally conductive material has anisotropic heat conducting properties for
conducting heat therethrough along a preferred plane, the preferred plane intersecting the
opposite side of the plurality of sides of the three-dimensional, thermally conductive
support structure; or wherein the splitter and combiner are bonded to opposite side of the

plurality of sides of the three-dimensional, thermally conductive support structure.
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[0057] Tt should now also be appreciated a structure according to the disclosure includes: a
three-dimensional, thermally conductive support structure having a plurality of sides; and
a pair of electrically interconnected heat generating components bonded and thermally
coupled to different sides of the three-dimensional, thermally conductive support structure.
The structure may include the feature wherein the three-dimensional, thermally conductive
support structure comprises a heat spreader comprising thermally anisotropic material,
such material having anisotropic heat conducting properties for conducting heat
therethrough along a preferred plane, such preferred plane intersecting the different sides

of the three-dimensional, thermally conductive support structure.

[0058] A number of embodiments of the disclosure have been described. Nevertheless, it
will be understood that various modifications may be made without departing from the
spirit and scope of the disclosure. For example, while the terminators 20a, 20b have been
shown and described as being on sides 1 and 3, respectively, they may be on sides 2 and 4,
respectively, and with transmission lines 17f and 17h, respectively having portions on
sides 1 and 4, and sides 3 and 2, respectively. Still further the sides having the heat
generating elements of the circuit need not be disposed in planes that are perpendicular
(ninety degrees) to bottom surface of the substrate of the power MMIC amplifiers 12a, 12b
but may be in planes that intersect the bottom surface of the substrate of the heat
generating elements heat generating elements of the circuit at other angles than ninety
degrees, such as, for example, 45 degrees or 30 degrees. Still further, while the splitter 14
and combiner 16 are described above as being individual passive components that are
bonded to the heat spreader 24 they may be formed with strip conductors in the same
manner as the transmission lines on the dielectric material 71 formed over the portion of the
surface of the heat spreader 24 where such splitter 14 and combiner 16 individual
components are now located. Further, electrical interconnections between strip conductors
on the heat spreader 24 and components on the heat spreader 24 may be made with ribbon or
wire bonds. Further, the disclosure may be used with other applications than to splitting
and combining networks and in power applications such as, for example, H-bridge designs,
for example, see FIGS. 14, 14A and 14B where Metal Oxide Semiconductor Field Effect
Transistors (MOSFETs) Q1-Q4 are connected to diodes D1-D4, as shown in FIG. 14. Here
it is noted that the MOSFETs Q1-Q2 and diodes D1-D2 are bonded and thermally coupled
to side 2 of the spreader 24 and that the MOSFETs Q3-Q4 and diodes D3-D3 are bonded
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and thermally coupled to opposite side 4 spreader 24, such sides 2 and 4 being perpendicular
to the basal planes 30 of the spreader 24, FIG. 4, FIGS. 14, 14A and 14B.

[0059] Accordingly, other embodiments are within the scope of the following claims.
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WHAT IS CLAIMED IS:

1. A structure, comprising:

a three-dimensional, thermally conductive support structure comprising a
plurality of surfaces; and,

a circuit, comprising a plurality of heat generating electrical components
disposed on a first portion of the plurality of surfaces of the, and interconnected by,
microwave transmission lines disposed on a second portion of the plurality of

surfaces of the thermally conductive support structure.

2. The structure recited in claim 1 wherein the thermally conductive material has
anisotropic heat conducting properties for conducting heat therethrough along a preferred
plane, the preferred plane intersecting first portion of the plurality of the surfaces of the

thermally conductive support structure.

3. The structure recited in claim 1 wherein the plurality of surfaces having the heat
generating electrical components disposed thereon intersect the preferred plane of the

thermally anisotropic material.

4. The structure recited in claim 1 wherein the thermally anisotropic material has a

conductive material disposed on the plurality of surfaces.

5. The structure recited in claim 1 wherein the conductive material provides a

ground plane conductor for the microwave transmission lines.

6. The structure recited in claim 1 wherein the heat generating electrical
components have bottom surface thermally coupled and bonded to the conductive

material.

7. The structure recited in claim 1 including a heat sink and wherein a heat sink is
thermally coupled to the plurality of surfaces having the heat generating electrical

components.

8. A cooling structure, comprising: a heat spreader comprising thermally

anisotropic material, such material having anisotropic heat conducting properties for
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conducting heat therethrough along a preferred plane; and, a circuit, comprising a plurality
of heat generating electrical components disposed on different ones of a first portion of
the plurality of surfaces of the heat spreader and interconnected by microwave
transmission lines disposed second, different ones of the plurality of surfaces of the heat

spreader.

9. A cooling structure, comprising;

a substrate having: a plurality of microwave transmission lines disposed on
an upper surface of the substrate; and an opening passing through the substrate;

a cold plate having a cavity formed in an upper surface of the cold plate,
the upper surface being thermally coupled to a bottom surface of the substrate;

a heat spreader comprising thermally anisotropic material, such material
having anisotropic heat conducting properties for conducting heat therethrough
along a preferred plane, the heat spreader having a lower portion passing through
the opening onto a bottom surface of the cavity, the; and,

a circuit, disposed on an upper portion of the heat spreader, the circuit
comprising a plurality of heat generating electrical components disposed on
different ones of a first portion of a plurality of surfaces of the heat spreader and
interconnected by microwave transmission lines disposed on a second portion of
the plurality of surfaces of the heat spreader, the preferred plane intersecting the

first portion of a plurality of surfaces of the heat spreader.

10. The cooling structure recited in claim 8 wherein the plurality of surfaces
having the heat generating components thereon intersect the preferred plane of the

thermally anisotropic material.

11. The cooling structure recited in claim 9 wherein the thermally anisotropic

material has a conductive material disposed on the plurality of surfaces.

12. The cooling structure recited in claim 11 wherein the conductive material

provides a ground plane conductor for the microwave transmission lines.

13. The cooling structure recited in claim 12 wherein the heat generating electrical
components have bottom surface thermally coupled and bonded to the conductive
material.

20



WO 2019/199443 PCT/US2019/023988

14. The cooling structure recited in claim 9 wherein the substrate has an input
microwaves transmission line and an output microwave transmission line and wherein the
circuit is electrically connected to the input microwaves transmission line and an output

microwave transmission line.

15. A structure, comprising:

a substrate having an input microwaves transmission line and an output
microwave transmission line;

a three-dimensional, thermally conductive support structure comprising a
plurality of surfaces; and,

a circuit, comprising a plurality of heat generating electrical components
disposed on different ones of the plurality of surfaces of the heat spreader and
interconnected by microwave transmission lines disposed on different ones of the
plurality of surfaces of the heat spreader; and

wherein the circuit is electrically connected to the input microwaves

transmission line and an output microwave transmission line.

16. A structure, comprising:
a three-dimensional, thermally conductive support structure having a
plurality of sides; and a circuit, comprising:

a plurality of microwave transmission lines disposed on the plurality
of sides of the three-dimensional, thermally conductive support structure;

a pair of amplifiers bonded, and thermally coupled, to a first pair of
the plurality of sides of the three-dimensional, thermally conductive
support structure;

a splinter bonded to a third one of the plurality of sides of the three-
dimensional, thermally conductive support structure;

a combiner bonded to a fourth one of the plurality of sides of the
three-dimensional, thermally conductive support structure; and

wherein the pair of amplifiers, the splinter, and the combiner are
electrically interconnected with the plurality of microwave transmission
lines, an input one of the plurality of microwave transmission lines being

coupled to an input of the splitter, each one of a pair of outputs of the
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splitter being coupled to an input of a corresponding one of the pair of
amplifiers through a first pair of the plurality of microwave transmission
lines, each one of a pair of outputs of the pair of amplifiers being coupled
to a corresponding one of a pair of inputs of the combiner through a second
pair of the plurality of microwave transmission lines, an output of the
combiner being coupled to an output one of the plurality of microwave

transmission lines.

17. The structure recited in claim 16 wherein the pair of amplifiers is bonded to
opposite side of the plurality of sides of the three-dimensional, thermally conductive

support structure.

18. The structure recited in claim 17 wherein the thermally conductive material
has anisotropic heat conducting properties for conducting heat therethrough along a
preferred plane, the preferred plane intersecting the opposite side of the plurality of sides

of the three-dimensional, thermally conductive support structure.

19. The structure recited in claim 17 wherein the splitter and combiner are bonded
to opposite side of the plurality of sides of the three-dimensional, thermally conductive

support structure.

20. A structure, comprising:
a three-dimensional, thermally conductive support structure having a
plurality of sides; and
a pair of electrically interconnected heat generating components bonded
and thermally coupled to different sides of the three-dimensional, thermally

conductive support structure.

21. The structure recited in claim 20 wherein the three-dimensional, thermally
conductive support structure comprises a heat spreader comprising thermally
anisotropic material, such material having anisotropic heat conducting properties
for conducting heat therethrough along a preferred plane, such preferred plane
intersecting the different sides of the three-dimensional, thermally conductive

support structure.
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22. The structure recited in claim 1 wherein the three-dimensional, thermally
conductive support structure has an outer layer, the outer layer having a Coefficient of
Thermal Expansion (CTE) selected in accordance with a CTE of the heat generating

electrical components.
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