a9y United States
12y Patent Application Publication o) Pub. No.: US 2020/0137882 Al

Coakley et al.

US 20200137882A1

43) Pub. Date: Apr. 30, 2020

(54)

(71)

(72)

(73)

(21)

(22)

(60)

FLEXIBLE HYBRID INTERCONNECT
CIRCUIT

Applicant: CelLink Corporation, San Carlos, CA
(US)

Inventors: Kevin Michael Coakley, Belmont, CA
(US); Malcolm Parker Brown,

Mountain View, CA (US); Jose Juarez,
Mountain View, CA (US); Emily
Hernandez, Belmont, CA (US); Joseph
Pratt, Sunnyvale, CA (US); Peter
Stone, Los Gatos, CA (US); Vidya
Viswanath, Sunnyvale, CA (US); Will
Findlay, San Carlos (CA)

Assignee: CelLink Corporation, San Carlos, CA
(US)

Appl. No.: 16/667,133

Filed: Oct. 29, 2019

Related U.S. Application Data

Provisional application No. 62/752,019, filed on Oct.
29, 2018.

&

\:ﬁ.*‘
- ' g
7 I
25 - / :
Y --.‘
o
*&‘. )
X _h\\\”
P

Publication Classification

(51) Int. CL.

HOSK 1/02 (2006.01)
HOIB 11/00 (2006.01)
(52) U.S. CL
CPC ......... HOSK 1/0219 (2013.01); HOIB 11/00

(2013.01); HOSK 1/0326 (2013.01); HOSK
1/0237 (2013.01); HOSK 1/028 (2013.01)

(57) ABSTRACT

Provided are flexible hybrid interconnect circuits and meth-
ods of forming thereof. A flexible hybrid interconnect circuit
comprises multiple conductive layers, stacked and spaced
apart along the thickness of the circuit. Each conductive
layer comprises one or more conductive elements, one of
which 1s operable as a high frequency (HF) signal line. Other
conductive elements, in the same and other conductive
layers, form an electromagnetic shield around the HF signal
line. Some conductive elements 1n the same circuit are used
for electrical power transmission. All conductive elements
are supported by one or more imner dielectric layers and
enclosed by outer dielectric layers. The overall stack 1s thin
and flexible and may be conformally attached to a non-
planar surface. Fach conductive layer may be formed by
patterning the same metallic sheet. Multiple pattern sheets
are laminated together with inner and outer dielectric layers
to form a flexible hybrid interconnect circuait.
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FLEXIBLE HYBRID INTERCONNECT
CIRCUIT

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit under 35 U.S.C.
§ 119(e) of U.S. Provisional Patent Application No. 62/752,
019, entitled: “FLEXIBLE HYBRID INTERCONNECT
CIRCUITS,” filed on 29 Oct. 2018, which 1s incorporated

herein by reference in 1ts entirety for all purposes.

BACKGROUND

[0002] Interconnect circuits are used to transmit electrical
power and/or signals from one location to another. Some
application examples include, but are not limited to, battery
packs (e.g., interconnecting individual batteries), solar
arrays (e.g., interconnecting individual cells 1 a solar
panel), vehicles (e.g., wire harnesses), light fixtures (e.g.,
connecting multiple light emitting diodes), various types of
electrical and electronic circuits, and the like. While con-
ventional interconnect circuits can transmit signals, these
signals are often limited to direct current signals or low
frequency signals. The transmission of high frequency (HF)
alternative current signals presents various challenges. For
example, HF signal transmission requires precise impedance
control of signal lines. Furthermore, HF signal transmission
may cause electromagnetic interference and crosstalk, which
1s not desirable. Various conductors and dielectrics sur-
rounding signal lines may absorb HF signals, which 1s also
undesirable and often requires separate circuits, one for
electrical power transmission and another one for signal
transmaission.

[0003] What 1s needed are flexible hybrid interconnect
circuits capable of transmitting HF signals and electrical
power 1n the same circuits.

SUMMARY

[0004] Provided are tlexible hybrid interconnect circuits
and methods of forming thereof. A flexible hybrid 1ntercon-
nect circuit comprises multiple conductive layers, stacked
and spaced apart along the thickness of the circuit. Each
conductive layer comprises one or more conductive ele-
ments, one of which 1s operable as a HF signal line. Other
conductive elements, 1n the same and other conductive
layers, form an electromagnetic shield around the HF signal
line. Some conductive elements in the same circuit are used
for electrical power transmission. All conductive elements
are supported by one or more inner dielectric layers and
enclosed by outer dielectric layers. The overall stack 1s thin
and flexible and may be conformally attached to a non-
planar surface. Fach conductive layer may be formed by
patterning the same metallic sheet. Multiple pattern sheets
are laminated together with inner and outer dielectric layers
to form a flexible hybrid interconnect circuait.

[0005] These and other examples are described further
below with reference to the figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG. 1A 1s a schematic illustration of an assembly,
comprising a flexible hybrid interconnect circuit, operable as
a harness, 1n accordance with some examples.
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[0007] FIG. 1B 1s a schematic cross-sectional view of the
flexible hybrid interconnect circuit 1n FIG. 1A, 1n accor-
dance with some examples.

[0008] FIG. 1C 1s a schematic cross-sectional view of
another example of the flexible hybrid interconnect circuit 1n
FIG. 1A.

[0009] FIG. 2A 1s a schematic cross-sectional view of a
signal transmission portion, separation portion, and a power
transmission portion of the flexible hybrid interconnect
circuit 1n FIG. 1A, 1n accordance with some examples.
[0010] FIG. 2B 1s an expanded cross-sectional view of an
example of the signal transmission portion in FIG. 2A.

[0011] FIG. 2C 1s an expanded cross-sectional view of the
separation portion i FIG. 2A, in accordance with some
examples.

[0012] FIG. 2D 1s an expanded cross-sectional view of
another example of the signal transmission portion 1n FIG.
2A.

[0013] FIG. 2E-FIG. 2G are cross-sectional views of dii-

ferent examples of the signal transmission portion.

[0014] FIG. 2H and FIG. 21 are schematic cross-sectional
views of two additional examples of the signal transmission
portion of the flexible hybrid interconnect circuat.

[0015] FIG. 2] 1s a schematic cross-sectional view of an
edge portion of the flexible hybrid interconnect circuit, 1n
accordance with some examples.

[0016] FIG. 2K-FIG. 2M are examples of conductive
clements for use i1n signal transmission portions and/or
power transmission portions of flexible hybrid interconnect
circuits.

[0017] FIG. 3A illustrates a top view of a conventional
circuit with a side-by-side arrangement of conductive ele-
ments.

[0018] FIG. 3B illustrates a top view of a flexible hybrd
interconnect circuit with a stacked arrangement of conduc-
tive elements.

[0019] FIG. 3C and FIG. 3D 1illustrate consistent relative
positions of conductive elements in the flexible hybnd
interconnect circuit of FIG. 3B.

[0020] FIG. 4A-FIG. 4E illustrate different stages and
examples of forming connections to conductive elements of
a flexible hybrid interconnect circuit.

[0021] FIG. 4F-FIG. 41 illustrate additional examples of
forming connections between the conductive elements of a
flexible hybrid interconnect circuit.

[0022] FIG. 5A and FIG. 5B illustrate examples of inter-
connecting conductive elements using an external 1ntercon-

necting jumper, extending over the edge of the stack formed
by the conductive elements and internal dielectrics.

[0023] FIG. 6A and FIG. 6B illustrate examples of inter-
connecting conductive elements using conductive elements
of an internal conductive tab positioned between outer
dielectric layers.

[0024] FIG. 7 illustrates an example of a patterned inner
dielectric layer providing access to a conductive element.
[0025] FIG. 8A and FIG. 8B illustrate examples of un-
patterned shields in a flexible hybrid interconnect circuat.
[0026] FIG. 9A and FIG. 9B illustrate examples of a
patterned shield 1n a flexible hybrid interconnect circuait.
[0027] FIG. 10A and FIG. 10B 1illustrate an example of
manufacturing a flexible hybrid interconnect circuit 1n a
folded state and subsequent unfolding of the flexible hybrid
interconnect circuit during installation of the circuit, 1n
accordance with some examples.
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[0028] FIG. 10C illustrates a schematic top view of a
flexible hybrid interconnect circuit comprising three open-
ings in the circuit that divide the circuit into four circuit
strips.

[0029] FIG. 10D illustrates a schematic top view of the
flexible hybrid interconnect circuit shown in FIG. 10C with
one end of the circuits turned 90° relative to the other end
within a plane.

[0030] FIG. 10E and FIG. 10F illustrate schematic cross-
section views of the insulator strips of the flexible hybrid
interconnect circuit shown 1 FIG. 10C at different locations.
[0031] FIG. 10G illustrates an example of a production
assembly comprising multiple flexible hybrid interconnect
circuits, temporarily joined together.

[0032] FIG. 10H 1llustrates of an example of an intercon-
nect assembly comprising an interconnect hub and multiple
flexible hybrid interconnect circuits connected to the inter-
connect hub.

[0033] FIG. 10I and FIG. 107J illustrate examples of an
interconnect assembly before and after attaching an inter-
connect hub to three flexible hybrid interconnect circuats.
[0034] FIG. 10K 1illustrates a side cross-sectional view of
an interconnect hub, mounted to a body panel and connected
to a flexible hybrid interconnect circuit, in accordance with
some examples.

[0035] FIG. 11A-FIG. 11D 1illustrate examples of various
tabs connected to conductive elements, which form a stack
in a flexible hybrid interconnect circuit, with the tabs extend-
ing away from that stack.

[0036] FIG. 11E and FIG. 11F are top schematic views of
a conductive element with two portions oflset relative to
cach other and interconnected by a transition portion, 1n
accordance with some examples.

[0037] FIG. 12A-FIG. 12C 1llustrate different examples of
electrical connections, among conductive elements of a
flexible hybrid interconnect circuit, the electrical connection
formed using tabs of these conductive elements.

[0038] FIG. 13A 1s a process tlowchart, corresponding to
laminating patterned conductive sheets to inner and outer
dielectrics, 1n accordance with some examples.

[0039] FIG. 13B-FIG. 13E are schematic illustrations of
various stages during lamination of the patterned conductive
sheets to the inner and outer dielectrics, 1n accordance with
some examples.

[0040] FIGS. 14A and 14B are schematic illustrations of
two different electrical connections provided by a program-
mable interconnect hub to the same set of conductive
clements of the two flexible hybrid interconnect circuits, 1n
accordance with some examples.

[0041] FIG. 14C 1illustrates of an example of an 1ntercon-
nect assembly comprising an interconnect hub connected to
three flexible hybrd interconnect circuits and a conventional
twisted pair cable.

DETAILED DESCRIPTION

[0042] In the following description, numerous specific
details are set forth in order to provide a thorough under-
standing of the presented concepts. The presented concepts
may be practiced without some or all of these specific
details. In other instances, well known process operations
have not been described 1n detail so as to not unnecessarily
obscure the described concepts. While some concepts will
be described 1n conjunction with the specific examples, 1t
will be understood that these examples are not intended to be
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limiting. On the contrary, 1t 1s intended to cover alternatives,
modifications, and equivalents as may be included within
the spirit and scope of the present disclosure as defined by
the appended claims.

Introduction/Application Examples

[0043] Interconnect circuits are used to deliver power
and/or signals between different parts of the circuits. These
circuits may be used for various applications, such as
vehicles, appliances, electronics, and the like. One example
of such interconnect circuits 1s a harness, which typically
utilizes electrical conductors having round cross-sectional
profiles. In a conventional harness, each electrical conductor
may be a solid round wire or a stranded set of small round
wires. A polymer shell insulates each individual conductor.
Furthermore, multiple insulated conductors may form a
large bundle.

[0044] Unfortunately, these conventional harnesses are
heavy and can be hard to feed through narrow spaces
because of their substantial thicknesses caused by individual
conductors and bundling these conductors. Furthermore,
individual electrical conductors have poor thermal connec-
tions to the environment because of their geometries (round
cross-sectional profiles) and arrangements (bundling). In
particular, the round cross-sectional profile has the smallest
perimeter-to-area ratio among all possible shapes. As a
result, conventional harnesses experience poor heat dissipa-
tion during their operation and require wires with large
cross-sections, all of which add to the weight, size, and cost
of these harnesses. Finally, round wires are generally not
capable of transmitting HF signals without expensive shield-
ing materials.

[0045] These deficiencies of conventional harnesses and
other like circuits are addressed with flexible hybrid inter-
connect circuits, described herein. A flexible hybrid inter-
connect comprises two outer dielectrics and a signal trans-
mission portion, disposed between the outer dielectrics. The
signal transmission portion 1s formed by multiple conduc-
tive elements, one of which 1s operable as a signal line. The
signal line may be disposed between two or more shields, at
least two of which are offset relative to the signal line along
the width of the flexible hybrid interconnect circuit. Fur-
thermore, additional shields may be used (e.g., the signal
line may be disposed between two other shields, offset
relative to the signal line along the width of the flexible
hybrid interconnect circuit). All of these conductive ele-
ments are supported with respect to each other by one or
more inner dielectrics and, in some example, by outer
dielectrics, which also seal the conductive elements from the
environment.

[0046] In some examples, the flexible hybrid interconnect
circuit also comprises a power transmission portion. The
power transmission portion may be offset relative to the
signal transmission portion along the width of the flexible
hybrid interconnect circuit to reduce electromagnetic inter-
terence. The number of conductive layers in the power
transmission portion 1s the same as the number of conduc-
tive layers in the signal transmission portion.

[0047] Unlike conventional wire harnesses, the flexible
hybrid interconnect circuit has a low thickness profile,
which 1s determined by the thickness of all conductive layers
as well as 1nner and outer dielectrics. Furthermore, the
thickness of the flexible hybrid interconnect circuit 1s con-
stant. In some examples, the thickness of the flexible hybnd
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interconnect circuit 1s less than five millimeters or even less
than one millimeter, which 1s substantially smaller than the
thickness of a conventional bundled harness. Such a small
thickness 1s achieved by using thin conductive elements. The
conductivity (e.g., in the power transmission portion) 1s
achieved by using wide conductive elements.

[0048] Furthermore, a combination of the small thickness
and large width allows achieving good thermal contact with
the environment (e.g., when the flexible hybrid interconnect
circuit 1s adhered to and conforms to a heat sink, such as a
vehicle body panel). This thickness-width feature allows
stacking multiple conductive elements 1n two directions (the
thickness direction and the width direction).

[0049] In some examples, the aspect ratio (the ratio of the
width to the thickness) of the flexible hybrid interconnect
circuit 1s more than three or even more than ten. In other
words, the flexible hybrid interconnect circuit may have a
thin and flat cross-sectional profile (1.e., within the cross-
sectional plane perpendicular to the length of the flexible
hybrid interconnect circuit). This aspect allows maintaining
flexibility and conforming the flexible hybrid interconnect
circuit to various non-planar surfaces while also providing
thermal coupling to these surfaces. In some examples, one of
the outer dielectrics comprises an adhesive layer for attach-
ing to supporting structures, which may also be operable as
heat sinks or heat spreaders.

[0050] FIG. 1A 1s a schematic illustration of assembly
200, comprising flexible hybrid interconnect circuit 100
attached to body panel 210. While body panel 210 1s shown
as a car door, one having ordinary skill in the art would
understand that various other types of vehicle panels (e.g.,
rool) and types of vehicles (e.g., aircraft, watercraft) are also
within the scope. Furthermore, flexible hybrid interconnect
circuit 100 may be a part of or attached to other types of
structures, such as battery housing, appliances (e.g., refrig-
erators, washers/dryers, heating, ventilation, and air condi-
tioning), aircrait wiring, and the like. It should be noted that
body panel 210 may be operable as a heat sink or heat
spreader.

[0051] Returning to the example shown 1n FIG. 1A, flex-
ible hybrid interconnect circuit 100 may be adhered to and
supported by body panel 210. For example, flexible hybrid
interconnect circuit 100 may comprise an adhesive (e.g., a
thermally conductive adhesive) for attaching to body panel
210, as further described below. The flexibility of flexible
hybrid interconnect circuit 100 1s achieved by 1ts small
thickness and large aspect ratio. This flexibility allows
flexible hybrid interconnect circuit 100 to conform and
adhere to various non-planar portions of body panel 210.
Maximizing the contact interface between flexible hybrnd
interconnect circuit 100 and body panel 210 provides greater
support and more heat dissipation from flexible hybrd
interconnect circuit 100 to body panel 210. The attachment
between flexible hybrid iterconnect circuit 100 and body
panel 210 1s further illustrated in FIG. 1B and described
below. In addition to functioning as a thermal mass/heat
spreader for flexible hybrid interconnect circuit 100, body
panel 210 may provide electromagnetic shielding (e.g.,
when body panel 210 1s metal and positioned sufliciently
close to the signal line of flexible hybrid interconnect circuit

100).

[0052] Referring to FIG. 1A, 1n some examples, flexible
hybrid interconnect circuit 100 comprises one or more
connectors 105a-105¢ for connecting to various electrical
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devices 220. Some examples of electrical devices 220
include, but are not limited to, speakers, lights, door locks,
window regulators, power mirrors, and the like. In some
examples, flexible hybrid interconnect circuit 100 comprises
conventional printed circuit structures used for transmitting
data, including but not limited to, striplines, microstrips,
and/or coplanar waveguides.

Examples of Flexible Hybrnd Interconnect Circuits

[0053] FIG. 1B 1s a schematic cross-sectional view of
flexible hybrid interconnect circuit 100 mm FIG. 1A and
identifies, in general, the width (extending along the X-axis),
thickness (along the Y-axis), and length (along Z-axis). One
having ordinary skill in the art would understand that
flexible hybrid interconnect circuit 100 will change its
orientation due to its flexibility. Specifically, flexible hybrid
interconnect circuit 100 may bend around any one of the
identified axes during its production, handling, installation
and/or operation, and the orientation of the width, thickness,
and length may change and may be different at different
locations of flexible hybrid interconnect circuit 100.
[0054] Referring to FIG. 1B, flexible hybrid interconnect
circuit 100 comprises first outer dielectric 110 and second
outer dielectric 120, which collectively seal various internal
components of flexible hybrid interconnect circuit 100.
Furthermore, FIG. 1B illustrates tlexible hybrid interconnect
circuit 100 comprising signal transmission portion 130 and
power transmission portion 190. In some examples, power
transmission portion 190 1s absent. Signal transmission
portion 130 and power transmission portion 190 are dis-
posed between first outer dielectric 110 and second outer
dielectric 120. Together with other components of flexible
hybrid interconnect circuit 100, such as inner dielectrics
further described below, first outer dielectric 110 and second
outer dielectric 120 also support conductive elements of
signal transmission portion 130 and power transmission
portion 190.

[0055] In some examples, flexible hybrid interconnect
circuit 100 has multiple signal transmission portions, such as
signal transmission portion 130 and additional signal trans-
mission portion 131 shown in FIG. 1B. Multiple signal
transmission portions are oflset relative to each other along
the width of flexible hybrid interconnect circuit 100. FIG.
1B 1illustrates an example in which signal transmission
portion 130 and additional signal transmission portion 131
are separated by power transmission portion 190.

[0056] When power transmission portion 190 1s present,
power transmission portion 190 1s oflset relative to signal
transmission portion 130 along the width of flexible hybrnid
interconnect circuit 100 (the X direction in FIG. 1B). Similar
to signal transmission portion 130, power transmission
portion 190 may comprise multiple conductive elements
arranged 1nto conductive layers. In some examples, the
number of conductive layers in signal transmission portion
130 1s the same as 1n power transmission portion 190, e.g.,
three conductive layers, as shown in FIG. 1B, forming a
stack along the thickness. Alternatively, different numbers of
conductive layers may be used. For example, conductive
clements 1n power transmission portion 190 do not require
clectromagnetic shielding. As a result, power transmission
portion 190 may have fewer conductive layers (e.g., one or
two). In some examples, signal transmission portion 130
requires only one sided shielding, and only two conductive
layers are used to form all conductive elements of signal
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transmission portion 130. Additional shielding may be pro-
vided, for example, by an external structure, such as body

panel 210 1n FIG. 1B.

[0057] Flexible hybrid interconnect circuit 100 may be
attached to body panel 210 (or any other like supporting
structure or heat sink) using adhesive layer 121 or, more
specifically, a thermally conductive adhesive layer. It should
be noted that while adhesive layer 121 1s a part flexible
hybrid interconnect circuit 100, body panel 210 (or any other
like supporting structure or a heat sink) 1s not be a part of
flexible hybrid interconnect circuit 100.

[0058] Reterring to FIG. 1C, flexible hybrid interconnect
circuit 100 comprises one or more nner dielectrics, such as
first 1ner dielectric 160 and second inner dielectric 170.
During fabrication of flexible hybrid interconnect circuit
100, first inner dielectric 160 and second inner dielectric 170
may be combined (e.g., laminated) into 1nner dielectric 165.
The boundaries of first inner dielectric 160 and second 1nner
dielectric 170 may or may not be distinguishable 1n 1nner
dielectric 165. Alternatively, 1n some examples, fabrication
of flexible hybrid interconnect circuit 100 mnvolves using a
single mner dielectric 165.

[0059] First mner dielectric 160 and second mmner dielec-
tric 170 provide insulation and support to different conduc-
tive elements. Additional 1nsulation and support 1s provided
by first outer dielectric 110 and second outer dielectric 120.
First imnner dielectric 160 and second inner dielectric 170
may extend to edge 102 of flexible hybrid interconnect
circuit 100 as, for example, shown 1n FIG. 1C. As such, edge
102 may be formed by first outer dielectric 110, second outer
dielectric 120, first inner dielectric 160, and second inner
dielectric 170. However, conductive elements do not extend
to edge 102 (other than to form external connections) to
ensure electrical 1solation of these elements.

[0060] In this example, first outer dielectric 110 and sec-
ond outer dielectric 120 require less bending and are less
prone to leave unfilled gaps in the sealed space, which may
be referred to as “soda straw” defects. These gaps may allow
moisture penetration and migration within flexible hybrid
interconnect circuit 100. Edge 102 may be formed by
“kiss-cutting” or other like techmiques. Without being
restricted to any particular theory, 1t 1s believed that some of
these edge-forming techniques may cause intermixing of
first inner dielectric 160 and second inner dielectric 170 at
least along edge 102, thereby causing more effective sealing.
Alternatively, first outer dielectric 110 directly interfaces
second outer dielectric 120 at an edge and forms edge 102
as, for example, shown 1n FIG. 1B. In some examples, one

or more conductive elements protrude to or beyond edge
102.

[0061] Referring to FIG. 2A, signal transmission portion
130 comprises multiple conductive elements arranged into
two or more conductive layers. These layers are stacked
along the thickness of flexible hybrid interconnect circuit
100 (the Y-axis). Power transmission portion 190, when one
1s present, comprises one or more conductive elements
arranged 1nto one or more conductive layers. FIG. 2A shows
three conductive layers 1n each of signal transmission por-
tion 130 and power transmission portion 190. However,
other numbers of conductive layers 1n each portion 1s within
the scope.

[0062] Referring to FIG. 2A, signal transmission portion
130 comprises signal line 132 and one or more optional

shields, such as first shield 134, second shield 136, third
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shield 138, and fourth shield 139. Fach one of these com-
ponents may be referred to as a conductive element. In this
example, third shield 138 forms one conductive layer. Sec-
ond shield 136, signal line 132, and third shield 138 form
another conductive layer. Fourth shield 139 forms yet
another conductive layer. In other words, the example of
signal transmission portion 130 in FIG. 2A has three con-
ductive layers. However, any other number of conductive
layers may be used. For example, FIG. 2E illustrates an
example of signal transmission portion 130, which does not
have third shield 138. In other words, signal line 132 1s only
shielded along the Y-axis 1in one direction by fourth shield
139. FIG. 2F 1llustrates another example of signal transmis-
sion portion 130, which may be referred to as a microstrip.
In this example, signal line 132 1s only shielded along the
Y-axis, and only 1in one direction, by fourth shield 139. There
1s no shielding along the X-axis. Other examples are copla-
nar waveguides (no shields) and striplines (shields on both
sides). FIG. 2G illustrates yet another example of signal

transmission portion 130, which has four conductive layers.
In addition to signal line 132, first shield 134, second shield

136, third shield 138, and fourth shield 139, which form
three layers, this signal transmission portion 130 also com-
prises overpass conductive element 137.

[0063] Signal line 132 1s configured to carry HF signals,
while one or more of first shield 134, second shield 136,
third shield 138, and fourth shield 139 form an electromag-
netic shield around signal line 132. Specifically, these
shields prevent interference from external electromagnetic
noise. These shields also prevent signal line 132 from
radiating to the outside environment (e.g., causing electro-
magnetic noises).

[0064] Referring to the example in FIG. 2A, signal line
132 1s disposed between first shield 134 and second shield
136, along the width of flexible hybrid interconnect circuit
100 (along the X-axis). Signal line 132 1s also disposed
between third shield 138 and fourth shield 139, along
thickness of flexible hybrid interconnect circuit 100 (along
the Y-axis). This example may be referred to as four-sided
shielding or an enclosed shielding. Furthermore, 1n this

example, each of third shield 138 and fourth shield 139
overlaps with each of first shield 134 and second shield 136
along the width of flexible hybrid interconnect circuit 100
(along the X-axis). The spacing between first shield 134 and
cach of third shield 138 and fourth shield 139 (and, similarly,
between second shield 136 and each of third shield 138 and
fourth shield 139) 1s sufliciently small to prevent penetration
ol electromagnetic waves.

[0065] Referring to the example 1n FIG. 2A, each of signal
line 132 and one or more shields (e.g., first shield 134,
second shield 136, third shield 138 and fourth shield 139)
has a substantially rectangular cross-sectional profile, within
a plane perpendicular to the length of flexible hybrid inter-
connect circuit 100. The rectangular profile may be a result
of forming these components from the metal sheets (e.g.,
patterning metal foils as further described below). Specifi-
cally, each conductive layer may be formed from a separate
metal sheet. Thus, signal line 132, first shield 134, and
second shield 136 are formed from the same sheet. Further-
more, the thickness of all conductive elements 1n the same
conductive layer may be the same (e.g., being formed from
the same metal sheet).

[0066] In some examples, the aspect ratio (the ratio of the
width to the thickness) of at least one of signal line 132, first
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shield 134, second shield 136, third shield 138, and fourth
shield 139 1s at least about 2, at least about 5, or even at least
about 10. The high aspect ratio enhances thermal conduc-
tivity to heat sinks (e.g., body panel 210 in FIG. 1B) by
increasing the interface area, while also keeping a relatively
low thickness of flexible hybrid mterconnect circuit 100.

[0067] Referring to FIG. 2A, the size of the gap between
signal line 132 and third shield 138 along the thickness of
flexible hybrid interconnect circuit 100 (the Y-axis) may be
less than 0.8 millimeters or, more specifically, less than 0.6
millimeters or even less than 0.4 millimeters. Furthermore,
the size of the gap between signal line 132 and fourth shield
139, the gap between second shield 136 and third shield 138,
and the gap between second shield 136 and fourth shield 139
may also be within this range. These gaps allow blocking
external and internal electromagnetic fields when signal line
132 1s operated at a frequency of between about 0 Hz and
100 GHz. Overall, the gaps are smaller than the wavelength
of incident waves of electromagnetic fields caused by trans-

mission of a radio frequency (RF) signal in signal line 132.
As such, one or more of first shield 134, second shield 136,

third shield 138, and fourth shield 139 effectively form a
Faraday cage around signal line 132.

[0068] The size of the gap between first shield 134 and
third shield 138 depends on the thickness and maternals of
first 1nner dielectric 160 and processing conditions used to
laminate these components while forming flexible hybrid
interconnect circuit 100, as further explained below. In a
similar manner, the size of the gap between first shield 134
and fourth shield 139 depends on the size and maternals of
second imner dielectric 170 and processing conditions used
to laminate these components. Referring to FIG. 2A, first

inner dielectric 160 may at least partially extend between
first shield 134 and third shield 138 as well as between signal

line 132 and third shield 138 and between second shield 136
and third shield 138. As such, the size of the gap between
first shield 134 and third shield 138 as well as between signal
line 132 and third shield 138 and between second shield 136
and third shield 138 may be substantially the same (e.g., to
within a variation of less than 20% or even less than 10%).
Similarly, second inner dielectric 170 may extend between
first shield 134 and fourth shield 139 as well as between
signal line 132 and fourth shield 139 and between second
shield 136 and fourth shield 139. As such, the size of the gap
between first shield 134 and fourth shield 139 as well as
between signal line 132 and fourth shield 139 and between
second shield 136 and fourth shield 139 may be substantially
the same. Furthermore, the gap between first shield 134 and
third shield 138 may be substantially the same as the gap
between first shield 134 and fourth shield 139. For example,
both first inner dielectric 160 and second 1nner dielectric 170
may have the same thickness and material. The precise
control of the gap achieved by first inner dielectric 160 and
second iner dielectric 170 allows precise control of the
impedance of flexible hybrid interconnect circuit 100, which
1s 1inversely proportional to the capacitance.

[0069] In some examples, signal line 132 is electrically
insulated from each of first shield 134, second shield 136,

third shield 138, and fourth shield 139. This insulation
prevents signal loss when an HF signal 1s transferred
through signal line 132. Optionally, two or more (e.g., all) of
first shield 134, second shield 136, third shield 138, and
fourth shield 139 may be interconnected. The interconnec-
tion allows forming one common external connection to all
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shields (e.g., for grounding). Furthermore, unconnected
(“tloating”) shields may be susceptible to capacitive cou-
pling among each other and can also capacitively couple to
signal line 132. Various examples of these connections are
described below.

[0070] In some examples, the thickness of each of signal
line 132, first shield 134, and second shield 136 along a
thickness of flexible hybrid interconnect circuit 100 1s the
same. Furthermore, the composition of each of signal line
132, first shield 134, and second shield 136 may be the same.
For example, signal line 132, first shield 134, and second
shield 136 may be made from the same metal sheet. More
generally, each conductive layer of flexible hybrid intercon-
nect circuit 100 may be made from the same metal sheet.

[0071] FIG. 2H and FIG. 21 are schematic cross-sectional
views of two additional examples of signal transmission
portion 130. In each of these examples, signal transmission
portion 130 comprises first signal line 132 and second signal
line 133, both disposed between third shield 138 and fourth
shield 139. These signal lines and shields form a stack along
the Y direction. The terms “third” and “fourth” are used for
consistency with previous examples and do not imply pres-
ence ol other components. Third shield 138 and fourth shield
139 may be retferred to as top and bottom shields, without
limiting the orientation of signal transmission portion 130.

[0072] First signal line 132 and second signal line 133 are
ofilset relative to each other along the X direction. However,
unlike various examples described above with reference to
FIG. 2A, signal transmission portion 130 shown 1n FIG. 2H
and FIG. 21 does not have side shields. In other words, there
are no shields ofiset relative to first signal line 132 and
second signal lmme 133 1n the X direction. The “side”
shielding features may not be necessary when the spacing
between each of first signal line 132 and second signal line
133 and each of third shield 138 and fourth shield 139 1s
substantially less (e.g., 2x or even 10x) than the wavelength

of signals carried by first signal line 132 and second signal
line 133.

[0073] Referring to FIG. 2H, the rnight ends of first signal
line 132, third shield 138, and fourth shield 139 are aligned
(along the Y axis). Similarly, the left ends of second signal
line 133, third shield 138, and fourth shield 139 are aligned
(along the Y axis). This feature reduces the overall footprint
of signal transmission portion 130 (along the X axis),
making it more compact.

[0074] Referring to FIG. 21, the right ends of third shield
138 and fourth shield 139 extend to the right (along the X
axis) past the right end of first signal line 132. Similarly, the
lett ends of third shield 138 and fourth shield 139 extend to
the left (along the X axis) past the left end of second signal
line 133. This design provides additional shielding by posi-
tioning first signal line 132 and second signal line 133
deeper 1nside the space between third shield 138 and fourth
shield 139 and away from the side openings to this space,
therefore reducing the risk of electro-magnetic interference.

[0075] FIG. 2] illustrates a portion of interconnect circuit
100 near edge 102 of interconnect circuit 100. Conductive
clement 350 1s surrounded by 1nner dielectric 165. Further-
more, conductive element 350 1s positioned at a first distance
(D1) from surface 167 of inner dielectric 165 and at a second
distance (D2) from edge 102. The first distance (ID1) and the
second distance (D2) are selected such that inner dielectric
165 does not experience dielectric breakdown when a signal
or an electrical power 1s transmitted through conductive
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clement 350. In some example, the first distance (D1) 1s at
least 50 micrometers or, more specifically, at least 100
micrometers. In the same or other examples, the second
distance (D2) 1s at least 100 micrometers or, more specifi-
cally, at least 200 micrometers. The first distance (ID1) may
be smaller than the second distance (D2) because surface
167 of inner dielectric 165 further interfaces with first outer
dielectric 110, which provides additional electrical 1solation
to conductive element 350 from the environment. Likewise,
the opposite surface of mnner dielectric 165 interfaces with
second outer dielectric 120, which provides additional elec-
trical 1solation.

[0076] In some examples, one or more conductive ele-
ments of flexible hybrid interconnect circuit 100 comprise a
base sublayer and a surface sublayer as, for example, shown
in FIG. 2K-FIG. 2M. The base and surface sublayers have
different compositions and server different functions. Refer-
ring to FIG. 2K, conductive element 350 comprises base
sublayer 1002 and surface sublayer 1006, directly interfac-
ing base sublayer 1002. First inner dielectric 160 and/or
second 1nner dielectric 170 may be laminated over surface
sublayer 1006. More specifically, at least a portion of surface
sublayer 1006 may directly interface first mner dielectric
160 and/or second inner dielectric 170 (or an adhesive used
for attaching these dielectrics). Surface sublayer 1006 may
be specifically selected to improve adhesion of first inner
dielectric 160 and/or second inner dielectric 170.

[0077] Base sublayer 1002 may comprise a metal selected
from a group consisting of aluminum, titanium, nickel,
copper, and steel, and alloys comprising these metals. The
material of base sublayer 1002 may be selected to achieve
desired electrical and thermal conductivities of conductive
clement 350 (or another conductive element) while main-
taining minimal cost.

[0078] Surface sublayer 1006 may comprise a metal
selected from the group consisting of tin, lead, zinc, nickel,
silver, palladium, platinum, gold, indium, tungsten, molyb-
denum, chrome, copper, alloys thereof, organic solderability
preservative (OSP), or other electrically conductive materi-
als. The material of surface sublayer 1006 may be selected
to protect base sublayer 1002 from oxidation, improve
surface conductivity when forming an electrical and/or
thermal contact to a device, improve adhesion to conductive
element 350 (or another conductive element), and/or other
purposes.

[0079] Furthermore, 1n some examples, the addition of a
coating of OSP on top of surface sublayer 1006 may help
prevent surface sublayer 1006 itself from oxidizing over
time.

[0080] For example, aluminum may be used for base
sublayer 1002. While aluminum has a good thermal and
electrical conductivity, it forms a surface oxide when
exposed to air. Aluminum oxide has poor electrical conduc-
tivity and may not be desirable at the interface between
conductive element 350 and other components making an
electrical connection to conductive element 350. In addition,
in the absence of a suitable surface sublayer, achieving good,
uniform adhesion between the surface oxide of aluminum
and many adhesive layers may be challenging. Therefore,
coating aluminum with one of tin, lead, zinc, nickel, silver,
palladium, platinum, gold, indium, tungsten, molybdenum,
chrome, or copper before aluminum oxide 1s formed miti-
gates this problem and allows using aluminum as base
sublayer 1002 without compromising electrical conductivity
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or adhesion between conductive element 350 (or another
conductive element) and other components of flexible
hybrid interconnect circuit 100.

[0081] Surface sublayer 1006 may have a thickness of

between about 0.01 micrometers and 10 micrometers or,
more specifically, between about 0.1 micrometers and 1
micrometer. For comparison, a thickness of base sublayer
1002 may be between about 10 micrometers and 1000
micrometers or, more specifically, between about 100
micrometers and 500 micrometers. As such, base sublayer
1002 may represent at least about 90% or, more specifically,
at least about 95% or even at least about 99% of conductive
clement 350 (or another conductive element) by volume.

[0082] In some examples, conductive element 350 (or
another conductive element) further comprises one or more
intermediate sublayers 1004 disposed between base sublayer
1002 and surface sublayer 1006 as shown, for example, 1n
FIG. 2L. Intermediate sublayer 1004 has a different com-
position than base sublayer 1002 and surface sublayer 1006.
In some examples, the one or more intermediate sublayers
1004 may help prevent intermetallic formation between base
sublayer 1002 and surface sublayer 1006. For example,
intermediate sublayer 1004 may comprise a metal selected
from a group consisting of chromium, titanium, nickel,
vanadium, zinc, and copper.

[0083] In some examples, conductive element 350 (or
another conductive element) may comprise rolled metal foil.
In contrast to the vertical grain structure associated with
clectrodeposited foi1l and/or plated metal, the horizontally-
clongated grain structure of rolled metal foil may help
increase the resistance to crack propagation in conductive
clements under cyclical loading conditions. This may help
increase the fatigue life of flexible hybrid interconnect
circuit 100.

[0084] In some examples, conductive element 350 (or
another conductive element) comprises electrically isulat-
ing coating 1008, which forms surface 1009 of conductive
clement 350, disposed opposite of conductive surface 1007
as shown, for example, in FIG. 2M. At least a portion of this
surface 1009 may remain exposed in flexible hybrid inter-
connect circuit 100 and may be used for heat removal from
flexible hybrid interconnect circuit 100. In some examples,
the entire surface 1009 remains exposed in flexible hybrid
interconnect circuit 100. Insulating coating 1008 may be
selected for relatively high thermal conductivity and rela-
tively high electrical resistivity and may comprise a material
selected from a group consisting of silicon dioxide, silicon
nitride, anodized alumina, aluminum oxide, boron nitride,
aluminum nitride, diamond, and silicon carbide. Alterna-
tively, insulating coating may comprise a composite material
such as a polymer matrix loaded with thermally conductive,
electrically insulating inorganic particles.

[0085] In some examples, a conductive element 1s solder-
able. When a conductive element includes aluminum, the
aluminum may be positioned as base sublayer 1002, while
surface sublayer 1006 may be made from a material having
a melting temperature that 1s above the melting temperature
of the solder. Otherwise, 1f surface sublayer 1006 melts
during circuit bonding, oxygen may penetrate through sur-
face sublayer 1006 and oxidize aluminum within base
sublayer 1002. This in turn may reduce the conductivity at
the interface of the two sublayers and potentially cause a loss
of mechanical adhesion. Hence, for many solders that are
applied at temperatures ranging from 150-300° C., surface
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sublayer 1006 may be formed from zinc, silver, palladium,
platinum, copper, nickel, chrome, tungsten, molybdenum, or
gold. In some examples, e.g., 1n cases 1 which a high
frequency signal 1s to be transmitted down the signal line,
the surface sublayer composition and thickness may be
chosen 1n order minimize resistance losses due to the skin
elfect.

[0086] Referring to FIG. 2A, flexible hybrid interconnect
circuit 100 further comprises power transmission portion
190. Similar to signal transmission portion 130, power
transmission portion 190 1s disposed between first outer
dielectric 110 and second outer dielectric 120. Furthermore,
power transmission portion 190 1s oflset relative to signal
transmission portion 130 along the width of flexible hybrid
interconnect circuit 100 (along the X-axis in FIG. 2A). The
distance between power transmission portion 190 and signal
transmission portion 130 may be referred to as separation
portion 195. The width of separation portion 195 may be at
least 2 times the width of signal line 132 or, more specifi-
cally, at least 4 times or even at least 6 times.

[0087] Referring to the example 1n FIG. 2A, power trans-
mission portion 190 1s formed from three conductive layers
and comprises three conductive elements, which may be
referred to as first power conductor 192, second power
conductor 194, and third power conductor 196. However,
two of these power conductors are optional. In other words,
power transmission portion 190 may have any number of
power conductors, 1.e., one, two, three, four, and so forth.
When two or more power conductors are present and
stacked along the thickness of flexible hybrid interconnect
circuit 100 (along the Y-axis in FIG. 2A), all of these
conductors may be used for power transmission. Alterna-
tively, one or more may be used as shields or not present at

all.

[0088] Referring to the example in FIG. 2A, third power
conductor 196 1s disposed between first power conductor
192 and second power conductor 194 along the thickness of
flexible hybrid interconnect circuit 100, thereby forming a
stack (along the Y-axis in FIG. 2A). First inner dielectric 160
may be disposed between first power conductor 192 and
third power conductor 196 and used to support first power
conductor 192 and third power conductor 196 relative to
cach other. Similarly, second inner dielectric 170 may be
disposed between second power conductor 194 and third
power conductor 196 and used to support second power
conductor 194 and third power conductor 196 relative to
each other.

[0089] The size of the gap between first power conductor
192 and third power conductor 196 depends on the thickness
and materials of first inner dielectric 160 and processing
conditions used to laminate these components while forming
flexible hybrid interconnect circuit 100, as further explained
below. In a similar manner, the size of the gap between
second power conductor 194 and third power conductor 196
depends on the size and materials of second inner dielectric
170 and processing conditions used to laminate these com-
ponents. The gap between first power conductor 192 and
third power conductor 196 may be substantially the same as
the gap between second power conductor 194 and third
power conductor 196. As noted above, 1n some examples,
both first inner dielectric 160 and second 1nner dielectric 170
may have the same thickness and material.

[0090] The stack formed by first power conductor 192,
second power conductor 194, and third power conductor 196

Apr. 30, 2020

may be similar to the stack formed by third shield 138, signal
line 132, and fourth shield 139. In some examples, third
shield 138 and first power conductor 192 may be formed
from the same metal sheet. Similarly, signal line 132 and
third power conductor 196 may be formed from the same
metal sheet. Finally, second power conductor 194 and fourth
shield 139 may be formed from the same metal sheet.
[0091] Stacking first power conductor 192, second power
conductor 194, and third power conductor 196 along the
thickness of flexible hybrid interconnect circuit 100 elimi-
nates the problem of crossing conductors while routing
flexible hybrid interconnect circuit 100, as will now be
explained with reference to FIGS. 3A-3D.

[0092] FIG. 3A 1illustrates a top view of reference circuit
100 with a side-by-side arrangement of 1ts conductive ele-
ments, 1.e., first conductive element 350 and second con-
ductive element 360. When reference circuit 300 1s routed as
shown 1n FIG. 3A, the relative orientation of first conductive
element 350 and second conductive element 360 1s flipped
between first end 101 and second end 103. Specifically, at
first end 101, first conductive element 350 1s shifted upward
along the 7 axis relative to second conductive element 360.
On the other hand, at second end 103, first conductive
clement 350 1s shifted downward along the Z axis relative to
second conductive element 360. This orientation change
may be referred to as a ““‘cross-over.”

[0093] FIG. 3B illustrates a top view of flexible hybnd
interconnect circuit 100 with a stacked arrangement of
conductive elements. Referring to FIGS. 3C and 3D, first
conductive element 350 1s shifted upward along the Y axis
relative to second conductive element 360 at both first end
101 and second end 103. This orientation of first conductive
clement 350 and second conductive element 360 for any
routing of flexible hybrid interconnect circuit 100 within
X-7Z plane, including our of plane deviations.

Dielectric Examples

[0094] Returning to FIG. 2A, flexible hybrid interconnect
circuit 100 comprises first mnner dielectric 160 and second
inner dielectric 170. First inner dielectric 160 1s disposed
between signal line 132 and third shield 138 as well as
between first shield 134 and third shield 138 and between
second shield 136 and third shield 138. First inner dielectric
160 provides support to these components of flexible hybrid
interconnect circuit 100. Furthermore, first inner dielectric
160 ensures that signal line 132 1s electrically insulated from
third shield 138, first shueld 134, and second shield 136 by
maintaining relative positions of these shields during opera-
tion of flexible hybrid interconnect circuit 100.

[0095] Second inner dielectric 170 1s disposed between
signal line 132 and fourth shield 139 as well as between first
shield 134 and fourth shield 139 and between second shield
136 and fourth shield 139. Similar to first inner dielectric
160, second inner dielectric 170 provides supports to these
components of flexible hybrid interconnect circuit 100.
Furthermore, second inner dielectric 170 ensures that signal
line 132 1s electrically msulated from fourth shield 139, first
shield 134, and second shield 136 by maintaiming their
relative positions.

[0096] Generally, a thicker inner dielectric layer (e.g., first
inner dielectric 160 and second inner dielectric 170) results
in a lower capacitance. This, 1in turn, allows forming a wider
signal line 132 while still matching the overall capacitance
per unit length with the rest of tlexible hybrid interconnect
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circuit 100. When signal line 132 1s wider, there are lower
resistive losses of the signal and provides better HF perfor-
mance.

[0097] First mner dielectric 160 and/or second inner
dielectric 170 may be formed from one or more materials
having a dielectric constant less than 2 or even less than 1.5.
In some examples, these materials are closed cell foams.
Furthermore, first inner dielectric 160 and/or second inner
dielectric 170 may be formed from one or more materials
that do not absorb water.

[0098] In some examples, at least one of first inner dielec-
tric 160 and second inner dielectric 170 comprises or
consists essentially of crosslinked polyethylene (XLPE).
More specifically, both first inner dielectric 160 and second
inner dielectric 170 comprise or consist essentially of cross-
linked XLPE. For purposes of this disclosure, the term
“consisting essentially” 1s defined as a composition of at

least about 95% by weight. In some examples, the cross-
linked XLPE, used for first inner dielectric 160 and/or

second inner dielectric 170, 1s highly crosslinked XLPE, 1n
which the degree of cross-linking 1s at least about 40%, at
least about 70%, or even at least about 80%. Crosslinking
prevents flowing/movement of first inner dielectric 160
and/or second inner dielectric 170 within the operating

temperature range of flexible hybrnid interconnect circuit
100, which may be between about -40° C. (-40° F.) to

+105° C. (+220° F.). This lack of flow prevents shorts
between signal line 132, shields, and/or other conductive
clements of flexible hybrid interconnect circuit 100. Fur-
thermore, crosslinking prevents oozing of first mnner dielec-
tric 160 and second inner dielectric 170 from edges and
openings of tlexible hybrid interconnect circuit 100.

[0099] Conventional flexible circuits do not use XLPE
primarily because of various difficulties with patterning
conductive elements (by etching) against the backing
formed from XLPE. XLPE 1s not sufliciently robust to
withstand conventional etching techniques.

[0100] In some examples, the materials of first outer
dielectric 110, second outer dielectric 120, first inner dielec-
tric 160, and/or second inner dielectric 170 are specifically
selected to enhance flexibility of flexible hybrid interconnect
circuit 100. Some suitable examples are polyolefins, which
are predominantly linear polymers (as compared to polyes-
ters, which contain an aromatic ring and therefore are less

flexible).

[0101] In particular, silane-modified polyolefins may be
used for one or both inner dielectric layers. Some specific
combinations include a modified polypropylene for one or
both outer dielectric layers and a modified linear low-density
polyethylene (LLDPE) for one or both inner dielectric
layers. In another example, a modified polypropylene may
be used for all inner and outer dielectric layers. In yet
another example, a co-extruded material comprising a modi-
fied LLDPE and a modified polypropylene may be used for
at least one of mner and outer dielectric layers. In general,
a coextruded film comprising a combination of a high-melt
polymer and a low-melt polymer may be used for flexible
hybrid interconnect circuit 100. The high-melt polymer may
function as an outer dielectric, while the low-melt polymer
may function as an inner dielectric and used for gap fill
between conductive leads.

[0102] In some examples, a thermoplastic polyurethane
(TPU) or, more specifically, a polyurethane ether may be
used as one or both of outer dielectrics. The flexibility of
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polyurethanes can be tuned by using appropriate chemuistry.
Furthermore, one or more fire retardants (e.g., non-haloge-
nated fire retardants) may be incorporated into one or both
of outer dielectric layers. Various examples of fire retardants
are described below.

[0103] Insome examples, first outer dielectric 110, second
outer dielectric 120, first inner dielectric 160, and/or second
inner dielectric 170 comprise one or more transparent mate-
rials, e.g., one or more elastomeric polymers, such as
cthylene-butylene copolymers, plasticizer-compounded
polyolefins, and the like.

[0104] In some examples, at least one of the dielectrics
comprises a flame retardant, e.g., phosphorus, organophos-
phorus, and the like. The flame retardant may be added, e.g.,
as particles, into polymer matrix, various examples of which
are listed above. Alternatively, a flame retardant may be 1n
the form of a standalone structure, e.g., a flame retardant
paper or a flame barrier. More specifically, one of first outer
dielectric 110 or second outer dielectric 120 1s polyethylene
naphthalate (PEN), while the other one 1s a flame retardant
paper. It should be noted that conventional circuits (formed
by etching and other like processes) are not able to use flame
barriers for their dielectric layers. In some examples, poly-
imide (PI) may be used for one or more dielectric layers, 1n
addition or 1nstead of flame retardants because of 1ts inherent
combustion resistant properties.

[0105] In some examples, first outer dielectric 110 and/or
second outer dielectric 120 comprises a coellicient of ther-
mal expansion (CTE)-matching additive. The composition
and concentration of the CTE-matching additive in these
dielectric layers 1s specifically selected to match that of
conductive elements or, more specifically, a combination of
the conductive elements and/or or more inner dielectrics. It
should be noted that flexible hybrid interconnect circuit 100
may be subjected to temperature fluctuations during its
manufacturing (e.g., one or more lamination operations
described below) and/or operation (e.g., operating in an
engine bay of a vehicle). For example, one or both of first
outer dielectric 110 and second outer dielectric 120 com-
prises a polymer matrix, comprising polyethylene terephtha-
late (PET) and/or polyethylene naphthalate (PEN), and a
CTE-matching additive, distributed within this matrix and
comprising inorganic fillers, such as glass fibers, and mica/
silica. The CTE-matching additive may be in the form
particles having a low aspect ratio (e.g., less than 0.5) or
having a high aspect ratio (e.g., greater than 1). The con-
centration of the CTE-matching additive 1n one or both of
first outer dielectric 110 and second outer dielectric 120 1s
between 10% by weight and 50% by weight. While high
concentrations of the CTE-matching additive may help to
reduce the CTE mismatch, the flexibility of these dielectrics
may sufler from excessive amounts of the CTE-matching
additive.

[0106] Referring to FIG. 2B, 1n some examples, the com-
position of first inner dielectric 160 1s uniform throughout its
thickness (the Y direction). Likewise, the composition of
second 1nner dielectric 170 may be uniform throughout its
thickness. Alternatively, in another example presented in
FIG. 2D, first inner dielectric 160 comprises first inner base
162, first inner outer-facing adhesive 164, and first inner
inner-facing adhesive 166. In this example, first inner base
162 1s disposed between first mnner outer-facing adhesive
164 and first inner inner-facing adhesive 166, along the
thickness of flexible hybrid interconnect circuit 100. The
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composition of first inner base 162 differs from the compo-
sition of first inner outer-facing adhesive 164 and from the
composition of first mner inner-facing adhesive 166. The
compositions of first imnner outer-facing adhesive 164 and
first 1nner iner-facing adhesive 166 may be the same. For
example, first mnner base 162 may comprise polyethylene
terephthalate (PET), polyimide (PI), or polyethylene naph-
thalate (PEN). One or both of first inner outer-facing adhe-
sive 164 and first 1mnner inner-facing adhesive 166 may
comprise an adhesive material including but not limited to
XDPE, low-density polyethylene (LDPE), polyester (PET),
acrylic, ethyl vinyl acetate (EVA), epoxy, pressure sensitive
adhesives, or the like.

[0107] In this example, the structure of second inner
dielectric 170 1s the same as the structure of first inner
dielectric 160. Specifically, second inner dielectric 170
comprises second inner base 172, second 1nner outer-facing
adhesive 174, and second inner inner-facing adhesive 176.
Second 1nner base 172 1s disposed between second inner
outer-facing adhesive 174 and second inner inner-facing
adhesive 176, along the thickness of flexible hybrid inter-
connect circuit 100. In other examples, the structure of
second 1mnner dielectric 170 1s different from the structure of
first 1nner dielectric 160.

[0108] Using a combination of first inner base 162, first
inner outer-facing adhesive 164, and first inner inner-facing
adhesive 166 allows forming a first inner dielectric 160 that
1s thinner and, more specifically, tailoring properties of
individual components of first inner dielectric 160. For
example, first inner outer-facing adhesive 164 and first inner
inner-facing adhesive 166 may easily tlow during lamination
filling the voids between conductive elements of flexible
hybrid interconnect circuit 100. Briefly referring to FIG. 2A,
first 1nner dielectric 160 directly interfaces second inner
dielectric 170 between signal line 132 and first shield 134,
and some degree of flow and gap filling may be required.
Furthermore, the presence of first inner base 162 and second
inner base 172 may provide a degree of mechanical tough-
ness to ensure that third shield 138 and fourth shield 139 do
not undesirably punch through first inner dielectric layer 160
and second 1ner dielectric layer 170, leading to an electrical
short to signal line 132. In some examples, first inner
outer-facing adhesive 164 directly interfaces third shield
138. Furthermore, first inner inner-facing adhesive 166
directly interfaces signal line 132.

[0109] The presence of mner base layers also aflects the
HF performance of flexible hybrid interconnect circuit 100
(e.g., decreasing the capacitance and signal absorption).
However, mner base layers provide robust separation and
reduce the risk of mechanical “punch through” of the inner
dielectric layers. In some examples, the thick inner dielectric
layers made from XLPE are used.

[0110] In the example shown i FIG. 2D, first outer

dielectric 110 comprises first outer base 112 and first outer
adhesive 114. Similarly, second outer dielectric 120 com-
prises second outer base 122 and second outer adhesive 124.
First outer base 112 may be polyethylene terephthalate
(PET), polyimide (PI), polyethylene naphthalate (PEN),
polytetrafluoroethylene (PTFE), polyether ether ketone
(PEEK) or any other flexible insulating material. First outer
adhesive 114 may comprise an adhesive material including
but not limited to XDPE, low-density polyethylene (LDPE),
polyester (PET), acrylic, ethyl vinyl acetate (EVA), epoxy,
pressure sensitive adhesives, or the like.

Apr. 30, 2020

Examples of Interconnecting within Stack

[0111] In some examples, one or more conductive ele-
ments of flexible hybrid interconnect circuit 100 are elec-
trically connected. For example, one or all shields surround-
ing signal line 132 may be interconnected, e.g., to avoid a
“floating” shield problem. These electrical connections may
be formed using portions of these conductive elements or
some additional conductive elements, e.g., interconnecting,
vias, interconnecting plugs, or tabs. FIGS. 4A-4E illustrate
different examples and stages of interconnecting first con-
ductive element 350, second conductive element 360, and
third conductive element 370 using interconnecting via 310.
Each of first conductive element 350, second conductive
clement 360, and third conductive element 370 may repre-
sent any one of the shields, signal lines, and/or power
conductors discussed above with reference to FIG. 2A and
other figures.

[0112] Specifically, FIG. 4A 1llustrates a stack formed by
first conductive element 350, second conductive element
360, and third conductive element 370 before forming any
electrical connections. These shields are disposed between
first outer dielectric 110 and second outer dielectric 120
prior to forming any connections. FIG. 4B illustrates this
stack after forming optional opening 300 through first outer
dielectric 110, first conductive element 350, and second
conductive element 360. Opening 300 may be formed using,
for example, an etching process or any other suitable pro-
cess. Opening 300 provides access to all three shields
allowing for interconnecting all three and, i1n some
examples, forming external connections extending past first
outer dielectric 110.

[0113] FIG. 4C illustrates the same stack with intercon-
necting via 310 extending through first outer dielectric 110,
first conductive element 350, and second conductive ele-
ment 360 and contacting third conductive element 370.
Interconnecting via 310 1s formed from a conductive mate-
rial, such as copper or any other suitable material. Intercon-
necting via 310 directly contacts first conductive element
350, second conductive element 360, and third conductive
clement 370, thereby interconnecting these shields. Further-
more, 1 this example, interconnecting via 310 extends
outside of first outer dielectric 110, which allows forming an
external electrical connection to interconnecting via 310 and
to first conductive element 350, second conductive element
360, and third conductive element 370. For example, first
conductive element 350, second conductive element 360,
and third conductive element 370 may be externally
grounded through interconnecting wvia 310. In some
examples, mterconnecting via 310 comprises a plated ele-
ment, a solder joint, a metal rivet, or a metal crimp terminal

allowing forming an external connection to interconnecting
via 310.

[0114] FIG. 4D illustrates another example of intercon-
necting via 310, which also directly contacts first conductive
element 350, second conductive element 360, and third
conductive element 370, thereby interconnecting these
shields. However, 1n this example, interconnecting via 310
does not extend through first outer dielectric 110. Instead,
insulating plug 320 may be used to fill the portion of the
opening extending through first outer dielectric 110. In some
examples, interconnecting via 310 may be installed prior to
laminating first outer dielectric 110 to the stack such that first
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outer dielectric 110 does not need an opening for installing
interconnecting via 310 and insulating plug 320 1s not
installed.

[0115] In some examples, an external connection 1is
needed to a conductive element that 1s blocked by other one
or more conductive elements, which should not be con-
nected to this blocked conductive element. FIG. 4E 1llus-
trates such an example where interconnecting via 310 1s
connected to third conductive element 370 but not to first
conductive element 350 and second conductive element 360.
Yet, interconnecting via 310 protrudes through first conduc-
tive element 350 and second conductive element 360 such
that connection to third conductive element 370 1s available
externally, past first outer dielectric 110. In this example,
insulating plug 320 forms a shell around side walls of
interconnecting via 310 and insulates interconnecting via
310 from first conductive element 350 and second conduc-
tive element 360, through which mterconnecting via 310
protrudes.

[0116] While the above examples described interconnec-
tions between first conductive element 350, second conduc-
tive element 360, and third conductive element 370 or
making a connection to one or more of these shields, one
having ordinary skill in the art would understand that these
connection aspects can be applied to any conductive ele-
ments of flexible hybrid interconnect circuit 100.

[0117] FIGS. 4F-41 illustrate additional examples of form-
ing electrical connections to conductive elements 1n a stack
of a flexible hybrid interconnect circuit. The stack shown 1n
FIG. 4F 1s similar to the one described above with reference
to FIG. 4A but 1t does not 1nclude first outer dielectric 110
and second outer dielectric 120. First outer dielectric 110
and second outer dielectric 120 are added later, e.g., after
interconnecting the conductive elements of the stack, as
turther described below with reference to FIG. 41. With this
approach, first outer dielectric 110 and second outer dielec-
tric 120 also insulate interconnecting via 310 and do not
have openings.

[0118] Specifically, the stack shown 1n FIG. 4F comprises
first conductive element 350, second conductive element
360, and third conductive element 370, which may represent
shields, signal lines, and/or power conductors, discussed
above with reference to FIG. 2A and other figures. First
conductive element 350, second conductive element 360,
and third conductive element 370 are supported (e.g., with
respect to each other and other components of the flexible
hybrid interconnect circuit) with inner dielectric 165. Fur-
thermore, inner dielectric 165 may also electrically 1solate
first conductive element 350, second conductive element
360, and third conductive element 370 from each other (at
least at this processing stage) and, at least partially, from the
environment.

[0119] FIG. 4G illustrates the stack after forming opening
300 through first conductive element 350, second conduc-
tive element 360, and third conductive element 370, and
inner dielectric 165. In this example, opening 300 i1s a
through hole, which may be easier to form than a blind hole,
described above with reference to FIG. 4B. Opening 300
may be formed using, for example, an etching process or any
other suitable process. Opening 300 provides access to all
three shields allowing for interconnecting these shields.

[0120] FIG. 4H illustrates a processing stage, after inter-
connecting via 310 has been added into opening 300.
Interconnecting via 310 directly contacts first conductive
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element 350, second conductive element 360, and third
conductive element 370, thereby interconnecting all three
clements. Interconnecting via 310 may comprise a plated
clement, a conductive adhesive, a solder joint, a metal rivet,
or a metal crimp terminal allowing forming an external
connection to interconnecting via 310.

[0121] In some example, a portion of opening 300 may be
filled with a non-conductive element (e.g., an 1nsulator
plug), while the rest of opening 300 1s filled with intercon-
necting via 310. This alternative approach allows 1ntercon-
necting fewer than all conductive elements 1n the stack. For
example, first conductive element 350 and second conduc-
tive element 360 may be interconnected, but remain 1nsu-
lated from third conductive element 370 after interconnect-
ing via 310 1s installed into opening 300. Likewise, third
conductive element 370 and second conductive element 360
may be interconnected, but remain insulated from first
conductive element 350.

[0122] FIG. 41 illustrates the stack with first outer dielec-
tric 110 and second outer dielectric 120. These outer dielec-
trics are added after interconnecting first conductive element
350, second conductive element 360, and third conductive
clement 370. In this example, first outer dielectric 110 and
second outer dielectric 120 extend over inner dielectric 165
and interconnecting via 310. More specifically, first outer
dielectric 110 and second outer dielectric 120 1solate (elec-
trically and mechanically) interconnecting via 310 from the
environment.

[0123] FIG. 5A illustrates an example of flexible hybrid
interconnect circuit 100, having first conductive element 350
and third conductive element 370 connected using intercon-
necting jumper 330, which may be referred to as an external
interconnecting jumper. In this example, interconnecting
jumper 330 loops around edge 102 of the stack. Second
conductive element 360 as well as first outer dielectric 110
and second outer dielectric 120 may be positioned away
from edge 102 and from interconnecting jumper 330,
thereby maintaining electrical insulation from interconnect-
ing jumper 330, first conductive element 350, and third
conductive element 370.

[0124] FIG. 5B illustrates another example of flexible
hybrid interconnect circuit 100 1n which second conductive
clement 360 1s connected to third conductive element 370
using interconnecting jumper 330. In this example, first
conductive element 350 and first outer dielectric 110 have
opening 300 allowing interconnecting jumper 330 to reach
second conductive element 360. In some embodiments, once
the connection 1s made, opening 300 1s filled with an
insulating material, e.g., to seal opening 300 and provide
insulation between interconnecting jumper 330 and first
conductive element 350.

[0125] FIG. 6A illustrates an example of flexible hybrd
interconnect circuit 100, in which first conductive element
350 and second conductive element 360, positioned at
different conductive levels of the stack, are connected
directly. In this example, first inner dielectric 160 comprises
dielectric opening 168 allowing first conductive element 350
to extend into and make contact with second conductive
clement 360. This connection may be made using one of the
connection means described above, or may be welded, e.g.,
using laser, ultrasonic, or resistive welding.

[0126] FIG. 6B illustrates another example of flexible
hybrid interconnect circuit 100, 1n which first conductive
element 350 and second conductive element 360 are con-
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nected. Similar to the example of FIG. 6A, this type of
connection may be referred to as an internal connection,
since this connection does not protrude outside of outer
dielectric layers. Referring to FIG. 6B, the connection 1s
formed using interconnecting jumper 330, which protrudes
through dielectric opening 168 1n first inner dielectric 160.
The interconnected conductive elements are positioned at
different conductive layers. However, one having ordinary
skill 1n the art would understand that such connections may
be implemented between conductive elements positioned at
the same level.

[0127] FIG. 7 illustrates another example of flexible
hybrid interconnect circuit 100, 1n which dielectric opening
168 1n first inner dielectric 160 provides access for making
a connection to first conductive element 350. In some
examples, not shown, the same dielectric opening may
provide access to multiple conductive components, posi-
tioned at the same or different conductive levels.

Shield Examples

[0128] An electromagnetic shield formed by conductive
clements of flexible hybrid interconnect circuit 100 reduces
and ultimately prevents low {frequency interference and
radio frequency interference during operation of tlexible
hybrid interconnect circuit 100. FIG. 8A 1llustrates a cross-
sectional view of signal transmission portion 130 of flexible
hybrid interconnect circuit 100. In this example, the elec-
tromagnetic shield 1s formed by first shield 134, second
shield 136, third shield 138, and fourth shield 139. The
electromagnetic shield partially encloses signal line 132 1n
this cross-sectional view. In other words, low and radio
frequency interference to and from signal line 132 1s miti-
gated by the electromagnetic shield within this cross-section
(the X-Y plane).

[0129] In this example, the same electromagnetic shield
also encloses additional signal line 133. This configuration
may be used to create a differential signal pair, for example,
which 1s well known for its ability to minimize electro-
magnetic (EM) coupling and radiation. In general, any
number of signal lines may share the same overall shield. In
some embodiments, an additional shield may be positioned
between two signal lines.

[0130] Referring to FIG. 8A, each of first shield 134 and
second shield 136 1s disposed between third shield 138 and
fourth shield 139 along the thickness of flexible hybrid
interconnect circuit 100 (the Y direction in FIG. 2A). In
other words, the projection of each of first shield 134 and
second shield 136, along the thickness, fully or partially
overlaps with each of third shield 138 and second shield 139.
[0131] Alternatively, referring to FIG. 8B, first shield 134
and second shield 136 may be offset relative to third shield
138 and fourth shield 139 along the width of flexible hybrid
interconnect circuit 100 (the X direction in FIG. 2A). In this
example, the projections of first shield 134 and second shield
136, along the thickness, do not overlap with either third
shield 138 or second shield 139.

[0132] In still other examples, first shield 134 and second
shield 136 may not be present. The gap between third shield
138 and fourth shield 139 may be sufliciently small to
provide suflicient shielding to signal line 132 positioned

between third shield 138 and fourth shield 139.

[0133] The capacitance of signal transmission portion 130
1s a function of the surface area between signal line 132 and
surrounding shields. Decreasing the surface area of the
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shields 1n appropriate locations decreases the capacitance
and 1ncreases the impedance. The impedance 1s a square root
of the inductance divided by the capacitance. Matching the
impedance of flexible hybrid interconnect circuit 100 with a
receiving component avoids sending reflected waves back
down signal line 132. For example, a single signal line may
have an impedance of 50 Ohm, while a differential pair may
have a differential impedance of 100-120 Ohm.

[0134] FIGS. 8A and 8B 1illustrate continuous shields
without openings. In some alternative examples, one or
more shields may have openings to change various charac-
teristics of flexible hybrid interconnect circuit 100 or, more
specifically, of signal transmission portion 130. Referring to
FIGS. 9A and 9B, third shield 138 comprises an opening,
having the size less than Y10 the wavelength of the EM wave
being transmitted down the signal line. In general, the size
of openings 1n shields 1s less than the wavelengths of the
signal carried by signal line 132 as well as wavelengths of
potential external noise (blocking to prevent cross-talk).

Examples of Folding Flexible Hybrid Interconnect
Circuits

[0135] Flexible hybrid interconnect circuit 100 may be
used for transmission of signals and electrical power
between two distant locations. In some examples, the dis-
tance between two ends of flexible hybrid interconnect
circuit 100 may be at least 1 meter or even at least 2 meters,
even though the width may be relatively small, e.g., less than
100 millimeters and even less than 50 millimeters. At the
same time, each conductive layer of flexible hybrid inter-
connect circuit 100 may be fabricated from a separate metal
fo1l sheet. To minimize material consumption and reduce
waste, the manufacturing footprint of flexible hybrid inter-
connect circuit 100 may be smaller than i1ts operating
footprint. The flexibility characteristic of flexible hybrnd
interconnect circuit 100 may be used to change its shape and
position after its manufacturing and/or during its manufac-
turing. For example, flexible hybrid interconnect circuit 100
may be manufactured in a folded state as, for example,
shown 1n FIG. 10A. The distance between the two ends and
the overall length (L, ) of tlexible hybrid interconnect circuit
100 1n the folded state may be relatively small. FIG. 10B 1s
a schematic illustration of the same flexible hybrid inter-
connect circuit 100 1n a partially unfolded state, showing
that the distance between the two ends and the length of
flexible hybrid interconnect circuit 100 has substantially
increased. One having ordinary skill 1in the art would under-
stand that various folding patterns are within the scope.

[0136] FIG. 10C 1illustrates flexible hybrid interconnect
circuit 100 comprising openings 143a-143c¢ that divide
flexible hybrid interconnect circuit 100 into four strips
145a-145d4. In some examples, each strip includes one or
more conductor trace. FIG. 10D illustrates one end of
flexible hybrid interconnect circuit 100 turned 90° relative to
the other end within the X-Y plane, which may be referred
to an 1n-plane bending. Openings 143a-143¢ allow flexible
hybrid interconnect circuit 100 to turn and bend without
significant out of plane distortions of individual strips 145a-
1454d. One having ordinary skills 1n the art would understand
that such bending would be diflicult without openings 143a-
143¢ because of the flat profile of flexible hybrid intercon-
nect circuit 100 (small thickness 1n the Z direction) and the
relatively low in-plane flexibility of materials forming flex-
ible hybrid interconnect circuit 100. Adding openings 143a-
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143¢ allows diflerent routing of each of strips 145a-1454,
thereby increasing flexibility and decreasing the out of plane
distortion. Furthermore, selecting a particular width and
length of each opening allows for specific routing and
orientation of each strip and flexible hybrid interconnect
circuit 100. FIGS. 10E and 10F represent cross-sections of
strips 145a-145d at different locations of flexible hybrid
interconnect circuit 100. As shown in these figures, strips
145a-145d may be brought closer together and rotated 90°
around each of their respective center axes at some point
(B-B) 1n the bend. To achieve this type of orientation, the
length of each opening may be different or staggered as, for
example, shown 1n FIG. 10C.

[0137] FIG. 10G 1illustrates an example of production
assembly 800 of multiple flexible hybrid interconnect cir-
cuits 100a-100c. In some examples, flexible hybrid inter-
connect circuits 100a-100¢ are partially integrated, e.g.,
supported on the same releasable line or have one mono-
lithic outer dielectric layer, which 1s partially cut (e.g.,
scored). This partial integration feature allows keeping tlex-
ible hybrid interconnect circuits 100a-100¢ together during
fabrication and storage, e.g., up to the final use of flexible
hybrid 1nterconnect circuits 100a-100c¢.

[0138] Furthermore, 1n this example, flexible hybrid inter-
connect circuits 100a-100c¢ are formed 1n a linear form, e.g.,
to reduce material waste and streamline processing. Each of
flexible hybrid interconnect circuits 100a-100c¢ 1s separable
from assembly 800 and 1s foldable into i1ts operating shape,
as for example, described above with reference to FIGS.

10C-10F.

[0139] FIG. 10H 1illustrates an example of interconnect
assembly 900 comprising flexible hybrid interconnect cir-
cuits 1004-100c and interconnect hub 910. In some
examples, each of flexible hybrid interconnect circuits 100a-
100c 1s manufactured 1n a linear form as, for example,
described above with reference to FIG. 10G. The bends 1n
flexible hybrid interconnect circuits 100a-100¢ are formed
during 1nstallation of flexible hybrid interconnect circuits
100a-100c¢ (e.g., lamination of a supporting structure such as
a car panel). Interconnect hub 910 forms electrical connec-
tions between individual conductive elements 1n flexible
hybrid 1interconnect circuits 100a-100c. These electrical
connections are provided by conductive elements of inter-
connect hub 910 positioned on one level or multiple levels
(e.g., for cross-over connections). Furthermore, the conduc-
tive elements of interconnect hub 910 and the conductive
elements of flexible hybrid interconnect circuits 100a-100c¢
are either within the same plane or in different planes.

[0140] Specifically, FIG. 101 1s an example of interconnect
assembly 900 prior to attaching interconnect hub 910 to
flexible hybrid interconnect circuits 100a-100c¢. Intercon-
nect hub 910 comprises dielectric layer 920 and conductive
clements 915, which are partially insulated by dielectric
layer 920. Furthermore, dielectric layer 920 comprises open-
ings 925, partially exposing conductive elements 915 of
interconnect hub 910 as shown in FIG. 10I. Conductive
clements 915 and openings 925 are patterned according to
desired connections between flexible hybrid interconnect
circuits 100a-100¢. The example of interconnect hub 910
shown 1n FIG. 101 1s designed for interconnecting all left-
most conductive elements of flexible hybrid interconnect
circuits 100a-100¢, separately interconnecting all middle
conductive elements of flexible hybrid interconnect circuits
100a-100¢, and separately interconnecting all right-most
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conductive elements of flexible hybrid interconnect circuits
100a-100c. FIG. 10J shows interconnect assembly 900 of
FIG. 101 after attaching interconnect hub 910 to flexible
hybrid interconnect circuits 100a-100c.

[0141] FIG. 10K 1llustrates a side cross-sectional view of
interconnect assembly 900 comprising interconnect hub
910, mounted to body panel 210 and connected to tlexible
hybrid interconnect circuit 100, in accordance with some
examples. Specifically, interconnect hub 910 1s mounted to
body panel 210 using hub mounting adhesive 921, such as
an adhesive tape or, more specifically, a very high bonding
(VHB) tape or an ultra-high bonding (UHB) tape. In some
examples, hub mounting adhesive 921 comprises a polyeth-
ylene liner and an acrylic adhesive, disposed on the liner.
Other materials are also within the scope.

[0142] Interconnect assembly 900 also comprises hub
cover plate 930, which 1s mounted to interconnect hub 910
using plate mounting adhesive 922. In some examples, plate
mounting adhesive 922 1s the same as hub mounting adhe-
sive 921. Alternatively, plate mounting adhesive 922 1s
different from hub mounting adhesive 921. For example,
plate mounting adhesive 922 1s as an adhesive tape or, more
specifically, very high bonding (VHB) tape or ultra-high
bonding (UHB) tape. In some examples, plate mounting
adhesive 922 comprises a polyethylene liner and an acrylic
adhesive disposed on the liner. Other matenials are also
within the scope.

[0143] Hub cover plate 930 provides mechanical support
and strain relief to electrical connections between 1ntercon-
nect hub 910 and interconnect circuit 100. In some
examples, plate mounting adhesive 922 1s 1n direct contact
with 1nterconnect circuit 100 or, more specifically, with
conductive elements of interconnect circuit 100. As such,
any strain applied between 1nterconnect hub 910 and inter-
connect circuit 100 1s transferred by plate mounting adhe-
sive 922 to hub cover plate 930, thereby reducing the strain
on the electrical connections between interconnect hub 910
and interconnect circuit 100. In some examples, hub cover
plate 930 1s formed from a rigid plastic, a composite material
(e.g., glass-reinforced epoxy laminate), or the like.

Examples of Conductive Tabs and Forming
Electrical Connections

[0144] Referring to FIGS. 11A-11C, external connections
to conductive elements arranged 1nto a stack and/or connec-
tions between these conductive elements may be formed
using tabs of these elements that protrude away from bound-
aries (edges) of the stack. Specifically, FIG. 11A 1s a
schematic perspective view of flexible hybrid interconnect
circuit 100 comprising first conductive element 350, second
conductive element 360, and third conductive element 370,
forming a stack along the thickness of flexible hybrd
interconnect circuit 100. Each of first conductive element
350, second conductive element 360, and third conductive
clement 370 may represent any one of the shields, signal
lines, and/or power conductors discussed above with refer-
ence to FIG. 2A and other figures.

[0145] Referring to FIG. 11A, first conductive element
350 comprises first tab 352, second conductive element 360
comprises second tab 362, and third conductive element 370
comprises third tab 372. Each of first tab 352, second tab
362, and third tab 372 extends along the length of flexible
hybrid interconnect circuit 100 and outside of the stack
boundaries. FIG. 11B 1s a schematic top view of another
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example of flexible hybrid interconnect circuit 100, 1n which
first tab 352 and third tab 372 also flare of along the width
of flexible hybrid interconnect circuit 100 to provide more
spacing among these tabs. FIG. 11C 1s a schematic top view
of yet another example of flexible hybrid interconnect circuit
100, 1n which first tab 352, second tab 362, and third tab 372
extend along the width of flexible hybrid interconnect circuit
100 and outside of the stack boundaries. In this example,
first tab 352, second tab 362, and third tab 372 are also offset

along the length of flexible hybrid interconnect circuit 100.

[0146] FIG. 11D 1s a schematic top view of two flexible
hybrid interconnect circuits 100a and 1005, showing their
orientation during production. The dashed line represents
the footprint of both circuits, which corresponds to the
material for each layer. This orientation of two tlexible
hybrid 1interconnect circuits 100a and 1005 allows minimiz-
ing material waste, while forming multiple flexible hybrnd
interconnect circuits in parallel.

[0147] FIG. 11E and FIG. 11F are schematic top views of
conductive element 350, comprising first conductive ele-
ment portion 351, second conductive element portion 353,
and transition portion 355, 1n accordance with some
examples. Specifically, FIG. 11F 1s an expanded view of a
part of conductive element 350 around transition portion
355. Transition portion 3535 1s monolithic with and 1ntercon-
nects first conductive element portion 351 and second con-
ductive element portion 353. At the same time, transition
portion 355 has a narrower width (W) than the width
(W..) of either first conductive element portion 351 or
second conductive element portion 353, which may be
collectively referred to as the conductive element width
(W.-). In some examples, first conductive element portion
351 and second conductive element portion 353 have the
same width (W..). Furthermore, first conductive element
portion 351 and second conductive element portion 353 are

offset relative to each as shown in FIG. 11E and FIG. 11F.

[0148] In some examples, transition portion 335 is oper-
able as an electrical fuse, protecting other conductive com-
ponents of flexible hybrid interconnect circuit 100 and
components to which flexible hybrid interconnect circuit
100 1s connected to. The fusing characteristics of transition
portion 355 depend on its width (W ) and its length (L p).
The width (W .,) of transition portion 355, 1n turn, depends
on the offset and the width (W) of either first conductive
element portion 351 or second conductive element portion
353 (e.g., W, =W ~.—Ofllset). In some examples, the width
(W) of transition portion 355 1s between 5% and 50% of
the conductive element width (W) or, more specifically,
between 10% and 30% of the conductive element width
(W,.). The length (L ,,) of transition portion 355 may be
between 10 micrometers and 700 micrometers or, more
specifically, between 50 micrometers and 500 micrometers
or even between 100 micrometers and 400 micrometers.

[0149] FIG. 12A 1s a schematic side view of flexible
hybrid interconnect circuit 100, in which first tab 352 and
third tab 372 flare in the direction of the thickness of flexible
hybrid interconnect circuit 100 to provide more spacing
among the tabs. It should be noted that this example can be

combined with any other examples described above with
reterence to FIGS. 7A-7C.

[0150] FIG. 12B 1s a side schematic view of flexible

hybrid interconnect circuit 100, showing third tab 372
making a direct electrical connection to first conductive
element 350. FIG. 12C 1s a side schematic view of tlexible
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hybrid interconnect circuit 100, showing third tab 372
making a direct electrical connection to second tab 362.

Processing Examples

[0151] FIG. 13A 15 a process flowchart corresponding to
method 1340 of laminating patterned conductive sheets to
inner and outer dielectrics. Method 1340 may involve apply-
ing nner dielectrics to patterned conductive sheets (block
1342). More specifically, an mner dielectric 1s applied to a
portion of at least one conductive sheet, while another
portion remains exposed and free from the inner dielectric.
FIG. 13B 1s a schematic 1llustration of first inner dielectric
160 applied to a portion of first conductive element 350 with
first inner dielectric 160 and, separately, second 1inner dielec-
tric 170 applied to a portion of second conductive element
360 with first mnner dielectric 160. In this example, first
conductive element 350 1s a part of one patterned conductive
sheet, while second conductive element 360 1s a part of a
different patterned conductive sheet. In some examples, only
one conductive element receives an inner dielectric, while
another conductive element remains free from any inner
dielectrics.

[0152] Reterring to FIG. 13A, method 1340 proceeds with
laminating the inner dielectrics, previously applied to the
patterned conductive sheets, to each other (block 1344).
FIG. 13C 1s a schematic 1illustration of first inner dielectric
160 laminated to second inner dielectric 170. Portions of
first conductive element 350 and second conductive element
360, which are free from 1nner dielectrics, are aligned, which
allows forming a direct contact between these portions 1n the
future operations. When only one patterned conductive sheet
has an applied inner dielectric, this mnner dielectric 1s lami-
nated directly to another patterned conductive sheet.

[0153] Referring to FIG. 13 A, method 1340 proceeds with
interconnecting the patterned conductive sheets to each
other (block 1346). After this operation, the patterned con-
ductive sheets or, more specifically, individual conductive
clements of the patterned conductive sheets are electrically
connected. FIG. 13D 1s a schematic illustration of first
conductive element 350 and second conductive element 360
connected to each other. This connection may mnvolve weld-
ing, soldering, mechanical crimping, forming a conductive
adhesive bonds, and the like.

[0154] Referring to FIG. 13 A, method 1340 proceeds with
laminating outer dielectrics (block 1348). The outer dielec-
trics are laminated to a stack comprising one or more inner
dielectrics and two or more patterned conductive sheets,
connected to each other. This operation also 1mvolves redis-
tribution of the inner dielectrics to fill various voids within
this assembly. FIG. 13E 1s a schematic 1illustration of this
assembly showing first outer dielectric 110 and second outer
dielectric 120 laminated to first inner dielectric 160, first
conductive element 350, second conductive element 360,
and second inner dielectric 170.

Programmable Interconnect Hub Examples

[0155] FIGS. 14A and 14B 1illustrate interconnect assem-
bly 900 at two different operating stages. Interconnect
assembly 900 comprises first interconnect circuit 100aq and
second 1nterconnect circuit 1005, coupled to interconnect
hub 910, which 1s programmable. For example, interconnect
hub 910 may comprise a field programmable gate array
(FPGA), a controller, a computer chip, or the like. A
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programmable 1nterconnect hub allows changing connec-
tions within interconnect assembly 900 (e.g., between first
interconnect circuit 100a and second interconnect circuit
1005), thereby providing additional configurations and ulti-
mately using the same interconnect assembly for different
types of connections and applications (aka “one size fits all”
approach). For example, mterconnect assembly 900 may be
a wire harness for a vehicle. The same interconnect assem-
bly 900 may be used for different configurations of the
vehicle with programming of interconnect hub 910 address-
ing differences in configurations or, more specifically, dif-
ferent electrical and signal connections needed as a result of
these configuration differences.

[0156] In some examples, interconnect hub 910 1s pro-
grammed to connect power, ground, and data traces from the
in-line to the various modules. As the modules are changed
from one vehicle model to another, interconnect hub 910 1s
reprogrammed to change the output definition of 1ntercon-
nect hub 910, but the same interconnect hub 910 can be used
across the entire vehicle fleet, despite differences 1n model
configurations.

[0157] Furthermore, interconnect hub 910 may be pro-
grammed to provide a remote disconnect feature. For
example, 1 a conductive element of the circuit stops work-
ing (e.g., due to a short, break, or other reason), the faulty
conductive element may be disconnected at interconnect hub
910. A different line may be selected by interconnect hub
910 to perform the function of the faulty conductive ele-
ment. Finally, interconnect hub 910 may be reprogrammed
during its use (e.g., changing from one operation to another
and so on).

[0158] Referring to FIGS. 14A and 14B, first interconnect
circuit 100a comprises first conductive element 350aq and
second conductive element 3505. Second interconnect cir-
cuit 1006 comprises third conductive element 350c¢ and
fourth conductive element 3504. In this simplified example,
interconnect hub 910 1s programmable allowing to change
connections among first conductive element 350a, second
conductive element 35054, third conductive element 350c¢,
and fourth conductive element 3504d. FIG. 14A illustrates an
operating stage, where interconnect hub 910 connects first
conductive element 350a of first interconnect circuit 100a
with third conductive element 350c¢ of second conductive
element 3505, and separately, second conductive element
3500 of first interconnect circuit 100a with fourth conduc-
tive element 3504 of second conductive element 35056. FIG.
14B 1llustrates a different operating stage, where intercon-
nect hub 910 connects first conductive element 350a of first
interconnect circuit 100a with fourth conductive element
3504 of second conductive element 3505, and separately,
second conductive element 3505 of first interconnect circuit
100a with third conductive element 350¢ of second conduc-
tive element 3506. Interconnect hub 910 may be pro-
grammed to switch between these operating stages. In some
examples, one or more of the conductive elements con-
nected to interconnect hub 910 may be used for program-
ming interconnect hub 910. In other words, programming of
interconnect hub 910 may be performed through intercon-
nect assembly 900.

[0159] While FIGS. 14A and 14B illustrate an example
where connections between conductive elements of two

interconnect circuits are simply flipped, one having ordinary
skill 1n the art would understand that any other program-
mable connections are possible with this design. For
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example, conductive elements of the same interconnect
circuit may be connected or disconnected, additional inter-
connect circuits may be connected to interconnect hub 910,
and so on. For example, FIG. 14C illustrates an example of
interconnect assembly 900 comprising interconnect hub
910, connected to flexible hybrid interconnect circuits 100a-
100c and twisted pair cable 1004. It should be noted that
interconnect circuits 100a-100¢ described above provide
various advantages 1n signal transmission, 1n comparison to
conventional twisted pair cables. In particular, an 1ntercon-
nect circuit has much better impedance control due to the
fixed position between its conductive elements, while the
distance between wires 1n a twisted pair cable can vary
substantially.

CONCLUSION

[0160] Although the {foregoing concepts have been
described 1n some detail for purposes of clarity of under-
standing, 1t will be apparent that certain changes and modi-
fications may be practiced within the scope of the appended
claims. It should be noted that there are many alternative
ways of implementing the processes, systems, and appara-
tuses. Accordingly, the present examples are to be consid-
ered as 1llustrative and not restrictive.

What 1s claimed 1s:

1. A flexible hybrid interconnect circuit, having a length,
a width, and a thickness, the flexible hybrid interconnect
circuit comprising;

a first outer dielectric;

a second outer dielectric;

a signal transmission portion, disposed between the first
outer dielectric and the second outer dielectric along
the thickness of the flexible hybrid interconnect circuit,
the signal transmission portion comprising:

a signal line;

a first shield;

a second shield, wherein the signal line 1s disposed
between the first shield and the second shield along
the width of the flexible hybrid interconnect circuit;

a third shield; and

a fourth shield, wherein the signal line 1s disposed
between the third shield and the second shield along
the thickness of the flexible hybrid interconnect
circuit.

2. The flexible hybrid interconnect circuit of claim 1,
wherein each of the first shield and the second shield 1s
disposed between the third shield and the second shield
along the thickness of the flexible hybrid interconnect cir-
cuit.

3. The flexible hybrid interconnect circuit of claim 2,
wherein a size of a gap between the first shield and the third
shield, a gap between the first shield and the fourth shield,
a gap between the second shield and the third shield, and a
gap between the second shield and the fourth shield along
the thickness of the flexible hybrid interconnect circuit 1s
less than 1 millimeter.

4. The flexible hybrid interconnect circuit of claim 2,
wherein a size of a gap between the first shield and the third
shield, a gap between the first shield and the fourth shield,
a gap between the signal line and the third shield, a gap
between the signal line and the fourth shield, a gap between
the second shield and the third shield, and a gap between the
second shield and the fourth shield along the thickness of the

flexible hybrid interconnect circuit 1s substantially the same.
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5. The flexible hybrid interconnect circuit of claim 1,
wherein the signal line 1s electrically insulated from each of

the first shield, the second shield, the third shield, and the
fourth shield.

6. The flexible hybrid interconnect circuit of claim 1,
further comprising a power transmission portion, disposed
between the first outer dielectric and the second outer
dielectric and offset relative to the signal transmission
portion along the width of the flexible hybrid interconnect
circuit, the power transmission portion comprising a first
power conductor, a second power conductor, and a third
power conductor, such that the third power conductor i1s
disposed between the first power conductor and the second
power conductor along the thickness of the flexible hybrid
interconnect circuit.

7. The flexible hybrid interconnect circuit of claim 6,
wherein a size of a gap between the signal line and the third
shield, a gap between the signal line and the fourth shield,
a gap between the first power conductor and the third power
conductor, and a gap between the second power conductor
and the third power conductor along the thickness of the
flexible hybrid interconnect circuit is substantially the same.

8. The flexible hybrid interconnect circuit of claim 1,
further comprising:
a first mner dielectric, disposed between the signal line

and the third shield; and

a second 1nner dielectric disposed between the signal line

and the fourth shield.

9. The flexible hybrid interconnect circuit of claim 8,
wherein at least one of the first mner dielectric and the
second 1nner dielectric comprises crosslinked low density

polyethylene (LDPE).

10. The flexible hybrid interconnect circuit of claim 8,
wherein:

the first inner dielectric comprises:

a first inner base, comprising polyethylene terephtha-
late (PET);

a first mnner outer-facing adhesive; and
a first mnner iner-facing adhesive; and
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the first mner base 1s disposed between the first inner
outer-facing adhesive and the first inner inner-facing
adhesive along the thickness of the flexible hybnd
interconnect circuit.

11. The flexible hybrid interconnect circuit of claim 10,
wherein:

the first inner outer-facing adhesive directly interfaces the

third shield; and

the first inner inner-facing adhesive directly interfaces the

signal line.

12. The flexible hybrid interconnect circuit of claim 8,
wherein the first inner dielectric directly interfaces the
second 1nner dielectric between the signal line and the first
shield.

13. The flexible hybrid interconnect circuit of claim 12,
wherein at least one the first inner dielectric or the second
inner dielectric 1s at least partially disposed between the
signal line and the first shield.

14. The flexible hybrid interconnect circuit of claim 8,
wherein at least one the first inner dielectric or the second
inner dielectric comprises a flame retardant.

15. The flexible hybrid interconnect circuit of claim 1,
wherein a thickness of each of the signal line, the first shield,
and the second shield along the thickness of the flexible
hybrid iterconnect circuit 1s the same.

16. The flexible hybrid interconnect circuit of claim 1,
wherein a composition of each of the signal line, the first
shield, and the second shield 1s the same.

17. The flexible hybrid interconnect circuit of claim 1,
wherein the signal line, the first shield, and the second shield
are made from the same metal sheet.

18. The flexible hybrid interconnect circuit of claim 1,
wherein the third shield comprises an opening.

19. The flexible hybrid interconnect circuit of claim 1,
wherein the signal line comprises a signal tab extending
outside of space between the first outer dielectric and the
second outer dielectric.

20. The flexible hybrid interconnect circuit of claim 1,
wherein the first outer dielectric comprises a first outer base
and a first outer adhesive, the first outer adhesive directly

interfacing the third shield.
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