wo 2012/145267 A1 [N 000 0O 0 O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2012/145267 Al

26 October 2012 (26.10.2012) WIPO I PCT
(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
HO0I1B 1/02 (2006.01) HOIB 11/10 (2006.01) kind of national protection available): AE, AG, AL, AM,
HO1B 1/04 (2006.01) HO1B 11/18 (2006.01) AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
HO1B 7/00 (2006.01) CO8K 3/04 (2006.01) CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
HOIB 11/02 (2006.01) CO01B 31/02 (2006.01) DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
. L HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
(21) International Application Number: KZ LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
PCT/US2012/033755 MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
(22) International Filing Date: OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
16 April 2012 (16.04.2012) SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(25) Filing Language: English
) (84) Designated States (uniess otherwise indicated, for every
(26) Publication Language: English kind of regional protection available): ARIPO (BW, GH,
(30) Priority Data: GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
61/476,825 19 April 2011 (19.04.2011) Us UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU,
13/446,728 13 April 2012 (13.04.2012) Us TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, FE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
(71) Applicant (for all designated States except US): COMM- LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SCOPE, INC. OF NORTH CAROLINA [US/US]; 1100 SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ,
CommScope Place, SE, Hickory, North Carolina 28602 GW, ML, MR, NE, SN, TD, TG).
Us). Published:
(72) Inventor; and s .
(75) Tnventor/Applicant (for US only): ADRIAENSSENS, Wit international search report (4rt. 21(3))
Luc Walter [US/US]; 5122 Lago Vista Lane, Frisco, —  before the expiration of the time Ilimit for amending the
Texas 75034 (US). claims and to be republished in the event of receipt of
(74) Agent: AYERS, D., Randal; Myers Bigel Sibley & Sa- amendments (Rule 48.2(h))

jovec, P.A., P.O. Box 37428, Raleigh, North Carolina
27627 (US).

(54) Title: CARBON NANOTUBE ENHANCED CONDUCTORS FOR COMMUNICATIONS CABLES AND RELATED COM-
MUNICATIONS CABLES AND METHODS

FIG. 1A

(57) Abstract: A conductor for a communications cable includes an elongated metal wire and a metal sheet that includes a plurality
of carbon nanotubes that at least partially surrounds the elongated metal wire. The metal wire may include copper, and the metal
sheet may likewise include copper and may be welded to an outside surface of the metal wire to surround the metal wire. This con -
ductor may be used in a variety of communications cables that carry high frequency signals.



WO 2012/145267 PCT/US2012/033755

CARBON NANOTUBE ENHANCED CONDUCTORS FOR COMMUNICATIONS
CABLES AND RELATED COMMUNICATIONS CABLES AND METHODS

CLAIM OF PRIORITY
[0001] The present application claims priority under 35 U.S.C. § 119 to United
States Provisional Patent Application Serial No. 61/476,825, filed on April 19, 2011, the

entire contents of which is incorporated herein by reference as if set forth fully herein.

FIELD OF THE INVENTION
[0002] The present invention relates generally to communications systems and, more
particularly, to conductors and cables for communications systems that exhibit enhanced

conductivity.

BACKGROUND

[0003] A variety of communications cables are well known in the art. Many such
communications cables are designed to carry high frequency signals such as, for example,
signals with center frequencies of 100 MHz or more. Two types of communications cables
are primarily used to carry such high frequency signals, namely (1) communications cables
that include metal conductive wires and (2) fiber optic communications cables.

[0004] A variety of different conductive wire-based communications cables are
known in the art, with two of the most widely used being coaxial cables and twisted pair
cables. Typically, the conductive wires used in both coaxial and twisted pair cables use pure
copper wires or wires formed of copper alloys, as copper is highly conductive and relatively
inexpensive (e.g., as compared to silver which is more conductive but far more expensive).
In order to reduce the weight or expense of a communications cable, in some cases copper or
copper alloys may be plated onto the outside of another lighter and/or cheaper metal wire

such as, for example, aluminum.
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[0005] As a demand for communications systems that operate at higher frequencies
and/or data rates increases, a need exists for communications cables that support these higher
data rates without prohibitive increases in the expense, size and/or weight of the
communications cables.

SUMMARY

[0006] Pursuant to embodiments of the present invention, conductors for
communications cables are provided that include an elongated metal wire and a metal sheet
that includes a plurality of carbon nanotubes on the elongated metal wire.

[0007] In some embodiments, the metal wire may be a copper wire, a copper alloy
wire, or a copper or copper alloy plated wire (i.e., a copper plated or copper alloy plated
aluminum wire). The metal sheet may be a metal tape selected from the group of a copper
tape or a copper alloy tape. The cérbon nanotubes may be embedded in the metal tape and/or
plated onto the metal tape. The metal tape may completely surround the elongated metal
wire. The elongated metal wire may have a substantially circular cross-section, and the metal
tape may comprise a first metal tape that surrounds approximately half the circumference of
the elongated metal wire and a separate, second metal tape that surrounds approximately the
other half the circumference of the elongated metal wire.

[0008] In some embodiments, the axial direction of the carbon nanotubes may be
generally aligned with a longitudinal axis of the elongated metal wire. The metal sheet may
be welded to an exterior surface of the elongated metal wire. The elongated metal wire may
have a hollow center.

[0009] According to further embodiments of the present invention, coaxial cables are
provided that include a center conductor, an outer conductor that surrounds the center
conductor, a dielectric layer that is disposed between the center conductor and the outer
conductor, and an outer jacket. The center conductor of these coaxial cables may comprise
an elongated metal wire and a metal sheet that includes a plurality of carbon nanotubes on the
elongated metal wire. In some embodiments of these coaxial cables, the outer conductor may
comprise an elongated hollow metal wire and an elongated metal tape that includes a plurality
of carbon nanotubes that is welded to an exposed surface of the elongated hollow metal wire.

[0010] Pursuant to still further embodiments of the present invention,
communications cables are provided that include at least one twisted pair of insulated
conductors that are contained within a cable jacket, wherein each of the conductors of the pair
of insulated conductors comprises an elongated metal wire and a metal sheet that includes a

plurality of carbon nanotubes on the elongated metal wire.
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[0011] Pursuant to still further embodiments of the present invention, methods of
forming a conductor of a communications cable are provided in which an elongated metal
sheet is formed that includes a plurality of carbon nanotubes. An elongated metal wire is
provided, and then at least one of the elongated metal sheet and the elongated metal wire are
heated. The elongated metal sheet may then be bonded to the elongated metal wire.

[0012] In some embodiments, these methods may include performing at least one
process to improve an alignment of the plurality of carbon nanotubes along a longitudinal
axis of the elongated metal sheet. This process (or processes) may be performed before,
during and/or after the formation of the elongated metal sheet. The heating of at least one of
the elongated metal sheet and the elongated metal wire may comprise heating the elongated
metal sheet to at least a first temperature that is sufficient to at least partially melt a surface of
the elongated metal sheet and heating the elongated metal wire to at least a second
temperature that is sufficient to at least partially melt a surface of the elongated metal wire.
The elongated metal wire may have a generally circular cross-section, where a width of the
elongated metal sheet is approximately one-half the outer circumference (or, in some cases,
an inner circumference) of the elongated metal wire, where bonding the elongated metal sheet
to the elongated metal wire comprises welding the elongated metal sheet to cover
approximately one-half the outer (or inner) circumference of the elongated metal wire. The
method may further include welding a second elongated metal sheet to substantially cover the
remainder of the outer (or inner) circumference of the elongated metal wire.

[0013] Pursuant to yet further embodiments of the present invention, coaxial cables
are provided that include a center conductor, an outer conductor that surrounds the center
conductor, a dielectric layer that is disposed between the center conductor and the outer
conductor, and an outer jacket. The outer conductor comprises an elongated hollow metal
wire having an exterior surface and an interior surface and a metal sheet that includes a
plurality of carbon nanotubes that is on the interior surface of the elongated hollow metal
wire. In some embodiments, the metal wire has an exposed surface that includes copper, and
the metal sheet includes copper. Moreover, the axial direction of the carbon nanotubes may
be generally aligned with a longitudinal axis that is defined by the elongated hollow metal

wire.

BRIEF DESCRIPTION OF THE DRAWINGS
[0014] FIG. 1A is a perspective view of a conductor for a communications cable

according to embodiments of the present invention.
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[0015] FIG. 1B is an enlarged, cross-sectional view of the conductor of FIG. 1A.

[0016] FIG. 2 is a perspective view of a coaxial cable according to embodiments of
the present invention.

[0017] FIG. 3 is a perspective view of one embodiment of the outer conductor of the
coaxial cable of FIG. 2.

[0018] FIG. 4A is a perspective view of a twisted pair cable according to
embodiments of the present invention, where a jacket thereof is partially removed to show
four twisted wire pairs and a separator of the cable.

[0019] FIG. 4B is an enlarged, fragmentary, side view of the cable of FIG. 4A with
a portion of the jacket removed to show a twisted core of the cable.

[0020] FIG. 5 is a flowchart diagram illustrating a method of making a conductor

for a communications cable according to certain embodiments of the present invention.

DETAILED DESCRIPTION

[0021] Pursuant to embodiments of the present invention, conductors for
communications cables are provided that may exhibit significantly enhanced conductivity,
particularly at high frequencies. These conductors are formed by welding or otherwise
bonding a thin, elongated metal sheet such as a metal tape onto an outside surface of an
elongated metal wire so that the metal tape at least partially surrounds the elongated metal
wire. The thin metal tape may include a large number of carbon nanotubes either embedded
therein and/or plated onto the metal tape.

[0022] As is known to those of skill in the art, carbon nanotubes are structural bodies
formed of carbon atoms that may have a generally cylindrical shape. The diameter of the
cylindrical structure may be on the order of, for example, a few nanometers to a few hundred
nanometers, while the length of the cylindrical structure may be much larger such as, for
example, thousands or millions of times the diameter (e.g., tens or hundreds of microns).
Carbon nanotubes may exhibit unique electrical properties, including conductivity along the
length of the carbon nanotube that may be 1000 times greater than copper for the same area
(or volume). Carbon nanotubes are commercially available in large quantities from a variety
of sources including, for example, Mitsui & Co., Ltd. (Tokyo, Japan) and Bayer AG
(Leverkusen, Germany). Carbon nanotubes may be plated in order to maintain conductivity
even in the presence of imperfect internal lattice structures. The term carbon nanotubes as

used herein is inclusive of such plated carbon nanotubes.



WO 2012/145267 PCT/US2012/033755

[0023] For high frequency communications, nearly all of the energy of an electrical
signal will travel on or about the surface of an electrical conductor due to a phenomena
known as the "skin effect" that is caused by eddy currents that are generated by the
alternating current characteristic of the high frequency signal. As high frequency electrical
signals flow primarily in only a small portion of a metal conductor, the effective resistance of
the conductor may be significantly increased since nearly all of the current must flow through
a small portion of the conductor.

[0024] Pursuant to embodiments of the present invention, conductors for high
frequency communications signals are provided that include a metal core that has a carbon
nanotube enhanced metal sheet (e.g., a metal tape) bonded to an exposed surface of the metal
core. In some embodiments, the metal core may comprise a copper wire, a copper alloy wire,
a copper plated wire (e.g., a copper plated aluminum wire) or a copper alloy plated wire (e.g.,
an aluminum wire plated with a copper alloy). The metal sheet may be a thin copper or
copper alloy tape that has the carbon nanotubes embedded therein and/or deposited thereon.
In some embodiments, the metal sheet may comprise two separate metal tapes, the first of
which is bonded along the longitudinal length of the top half of the copper/copper alloy wire
core, while the second metal tape is bonded along the longitudinal length of the bottom half
of the copper/copper alloy wire core so that the two tapes may substantially or completely
surround the copper/copper alloy wire core. More than two metal tapes may also be used.
The wire core may also be hollow to reduce material usage. With respect to a hollow metal
wire, the exposed surface that receives the metal tape with the carbon nanotubes may be, for
example, the exterior surface of the hollow metal core or the ‘interior surface of the hollow
metal core.

[0025] In some embodiments, the metal sheet/tape may be manufactured so that the
carbon nanotubes have enhanced alignment along at least one direction (i.e., the carbon
nanotubes have a preference to generally align to be parallel to the x-axis, but may be
randomly aligned with respect to the y-axis and the z-axis). In some embodiments, the
carbon nanotubes may have enhanced alignment along two directions so that the carbon
nanotubes have a preference to generally align along the axis of the wire core. Techniques
for aligning carbon nanotubes are known in the art and hence will not be discussed further
herein. The metal tape(s) may be welded to the exterior of the wire core by, for example,
bringing the carbon nanotube containing metal tape and the wire core together while heating

the metal tape and/or the wire core to a temperature that is sufficient to at least partially melt
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a surface of the metal tape and an exposed surface of the wire core so that the two materials
coalesce to have a common crystallographic structure.

[0026] The above-described conductors may exhibit substantially improved
conduction of high frequency communications signals. As noted above, a high frequency
signal will tend to congregate on the exposed surface(s) of the conductor. By providing
carbon nanotubes to an appropriate depth (e.g., 260 microinches) along the exposed surface
of the conductor, substantially improved conductivity may be achieved at high frequencies
(e.g., 100 MHz). Even very thin depths (e.g., 100 microinches) along the surface of the
conductor may substantially improve conductivity at higher frequencies (e.g., 700 MHz).
Moreover, by processing the metal sheet/tape so that the carbon nanotubes have a preference
to be aligned along the axial direction of the conductor, the conductivity may be further
enhanced.

[0027] Methods of plating metal wires for communications cables are already known
in the art. For example, copper plated aluminum wires are used in certain communications
cables in order to take advantage of the lower cost and/or weight of aluminum as compared to
copper. The copper (or a copper alloy) is typically plated onto the aluminum wire core using
a welding process whereby a molten copper coating is applied to an aluminum wire core that
is likewise heated to a temperature at which the aluminum on the surface starts to melt so that
the copper and aluminum coalesce. This method or similar methods may be used to weld the
carbon nanotube containing metal sheet to partially or completely surround an outside surface
of a metal wire core. Moreover, since both the metal wire core and the carbon nanotube
containing metal sheet may use copper or a copper alloy as the base metal, a very strong weld
may be achieved between the wire core and the metal sheet.

[0028] FIG. 1A is a perspective view of a conductor 10 for a communications cable
according to embodiments of the present invention. FIG. 1B is a cross-sectional view of the
conductor 10 of FIG. 1A.

[0029] As shown in FIG. 1A, the conductor 10 comprises a metal wire core 20 that
has a metal sheet 30 bonded to an outside surface thereof. The metal wire core 20 may have
a generally circular cross-section in some embodiments, and may have a length that far
exceeds the diameter of the cross-section. In some embodiments, the metal wire core 20 may
comprise a copper wire or a wire formed of a copper alloy. In other embodiments, the metal
wire core 20 may comprise a copper plated metal wire core such as, for example, a copper
plated aluminum wire. In some embodiments, the metal wire core 20 may comprise a solid

metal wire core, while in other embodiments (not shown) the metal wire core 20 may have a
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hollow central section such that the metal wire core 20 has an annular cross-section. Thus, it
will be appreciated that herein the terms "wire" and "wire core" encompass both solid
wires/wire cores and wires/wire cores that have a hollow center such as the outer conductor
of a coaxial cable. It will also be appreciated that the term "wire" may comprise a single wire
or may comprise a plurality of wires or other conductors that are braided or otherwise formed
together.

[0030] The metal sheet 30 may comprise, for example, a thin metal tape that is
formed of, for example, copper or a copper alloy. The metal sheet 30 may be bent into a
circular shape so as to surround (or, alternatively, partially surround) an exposed surface of
the metal wire core 20. In such embodiments, the ends of the metal sheet 30 may be welded
together to provide metal sheet 30 having an annular cross-section. As illustrated in the
callout 32 of FIG. 14, in some embodiments, carbon nanotubes 40 may be embedded in or
on a surface of the metal sheet 30. In other embodiments, carbon nanotubes 40 may be plated
onto one or both major surfaces of the metal sheet 30. The carbon nanotubes 40 may have a
preference to generally align along an axis defined by the axis of the metal wire core 20.

[0031] The conductors according to embodiments of the present invention may be
used in a variety of communications cables, specifically including coaxial cables. FIG.2 isa
perspective view of a coaxial cable 50 that has both a center conductor and an outer
conductor that are formed using carbon nanotube enhanced conductors according to
embodiments of the present invention.

[0032] As shown in FIG. 2, the coaxial cable 50 includes a central conductor 52 that
is surrounded by a dielectric 54. A tape 56 may be preferentially bonded to the dielectric 54.
An outer conductor 58 that acts as a return conductor and as an electrical shield surrounds the
tape 56. One or more optional electrical shielding tapes 60 may surround the outer conductor
58. The outer conductor 58 may be corrugated in order to improve overall cable flexibility.
A cable jacket 62 (or other insulative protective layer such as, for example, an enamel
coating) may surround the outer conductor 58 and any electrical shielding tapes 60. The
conductor 10 of FIGS. 1A and 1B may be used as the central conductor 52 of coaxial cable
50. The central conductor 52 may also be corrugated in order to improve overall cable
flexibility. The carbon nanotubes provided on or at an exposed surface of the central
conductor (e.g., surrounding the outer surface of the central conductor 52) may enhance the
conductivity of the central conductor 52, especially at high frequencies.

[0033] FIG. 3 is a perspective view of one embodiment of the outer conductor 58 of

the coaxial cable 50 of FIG. 2. As shown in FIG. 3, the outer conductor 58 may comprise a
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metal sheet 70 that is formed into an annular shape so as to have an inner surface 72 and an
outer surface 74. A plurality of carbon nanotubes 76 may be deposited onto at least the inner
surface 72 of the metal sheet 70. Such a plurality of carbon nanotubes 76 are graphically
illustrated as being provided at the inner surface of the metal sheet 70 in the callout 78
provided in FIG. 3. As shown in the callout 78, the carbon nanotubes 76 may only be
provided in the surface region of the outer conductor 58. These carbon nanotubes 76 may, in
some embodiments, be more aligned along the axis defined by the central conductor 52 than
in other directions.

[0034] As noted above, in some embodiments (and particularly in embodiments that
use larger gauge wires for the central conductor), the central conductor 52 may have a hollow
central region. In such embodiments, the central conductor 52 may appear identical (except
in diameter) to the outer conductor 58 depicted in FIG. 3. As with the outer conductor 58
depicted in FIG. 3, such an annular central conductor 52 may have carbon nanotube
containing metal sheet(s) bonded to at least one of the exposed surfaces of the central
conductor 52 (i.e., to the inner surface 72 or to the outer surface 74).

[0035] The conductors according to embodiments of the present invention may also
be used in twisted pair communications cables such as the so-called "Ethernet" cables that are
commonly used in local area networks and various other applications. FIG. 4Aisa
perspective view of a carbon nanotube enhanced twisted pair cable 100 according to
embodiments of the present invention, where a jacket thereof is partially removed to show the
four twisted wire pairs and an optional separator that are included in the cable 100. FIG. 4B
is an enlarged, fragmentary, side view of the cable 100 of FIG. 4A with a portion of the cable
jacket removed.

[0036] As shown in FIGS. 4A and 4B, the cable 100 includes a total of eight
conductors 101-108 that are arranged as four twisted pairs of conductors 111, 112, 113, 114.
Each conductor 101-108 may include an outer insulation. A separator such as a separator
tape or flute 110 may be included that separates at least some of the twisted pairs 111-114
from other of the twisted pairs 111-114. The twisted pairs 111-114 may be twisted together
to provide a core twist. The twisted core including twisted pairs 111-114 and separator 110
may be enclosed in a cable jacket 120. One or more of the twisted pairs may be wrapped in a
foil shield (not shown). Similarly, the twisted core may be wrapped in a foil shield and/or
covered by a metallic braid. Some or all of the conductors 101-108 may be implemented

using the conductor 10 of FIGS. 1A and 1B. The carbon nanotubes provided on or at an
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outer surface of each conductor 101-108 that is.implemented in this fashion may enhance the
conductivity of the conductor.

[0037] FIG. 5 is a flowchart diagram illustrating a method of making a conductor
for a communications cable according to certain embodiments of the present invention. As
shown in FIG. 5, operations may begin with a process that is used to form an elongated metal
sheet that includes a plurality of carbon nanotubes (block 200). The carbon nanotubes may
be deposited onto one or both major surfaces of the metal sheet and/or embedded within the
metal sheet. Either before, during or after the formation of this metal sheet, one or more
processes may be performed to improve an alignment of the plurality of carbon nanotubes
along a longitudinal axis of the elongated metal sheet, which is the axis of the metal sheet that
will be coincident with the axis of an elongated metal wire of the conductor (block 205). An
elongated metal wire such as, for example, a copper wire, a copper alloy wire or a copper-
plated aluminum wire is provided (block 210), and then at least one of the elongated metal
sheet and the elongated metal wire are heated (block 215). In some embodiments, the
elongated metal sheet may be heated to at least a first temperature that is sufficient to at least
partially melt a surface of the elongated metal sheet and the elongated metal wire may be
heated to at least a second temperature that is sufficient to at least partially melt a surface of
the elongated metal wire. The elongated metal sheet may then be bonded to the elongated
metal wire using, for example, a welding process (block 220).

[0038] While the present invention is described above with reference to drawings
that illustrate preferred embodiments thereof, it will be appreciated that the present invention
may be embodied in many different forms and should not be construed as limited to the
embodiments set forth herein. Instead, these embodiments are provided so that this
disclosure will be thorough and complete, and will fully convey the scope of the invention to
those skilled in the art.

[0039] In the drawings, the size of lines and elements may be exaggerated for clarity.
It will also be understood that when an element is referred to as being "coupled" to another
element, it can be coupled directly to the other element, or intervening elements may also be
present. In contrast, when an element is referred to as being "directly coupled" to another
element, there are no intervening elements present. Likewise, it will be understood that when
an element is referred to as being "connected" or "attached" to another element, it can be
directly connected or attached to the other element or intervening elements may also be
present. In contrast, when an element is referred to as being "directly connected" or "directly

attached" to another element, there are no intervening elements present.

9.
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[0040] Unless otherwise defined, all technical and scientific terms used herein have
the same meaning as commonly understood by one of ordinary skill in the art to which this
invention belongs. The terminology used in the description of the invention herein is for the
purpose of describing particular embodiments only and is not intended to be limiting of the
invention. As used in the description of the invention and the appended claims, the singular
forms "a", "an" and "the" are intended to include the plural forms as well, unless the context
clearly indicates otherwise. As used herein, the term "and/or" includes any and all
combinations of one or more of the associated listed items.

[0041] In the drawings and specification, there have been disclosed typical
embodiments of the invention and, although specific terms are employed, they are used in a

generic and descriptive sense only and not for purposes of limitation, the scope of the

invention being set forth in the following claims.
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THAT WHICH IS CLAIMED IS:

1. A conductor for a communications cable, comprising:
an elongatéd metal wire; | |
a metal sheet that includes a plurality of carbon nanotubes on the elongated metal

wire.

2. The conductor of Claim 1, wherein the metal wire comprises a copper wire, a

copper alloy wire, a copper plated wire or a copper alloy plated wire.

3. The conductor of Claim 2, wherein the metal sheet comprises a metal tape

selected from the group of a copper tape or a copper alloy tape.

4, The conductor of Claim 3, wherein the carbon nanotubes are embedded in the

metal tape and/or plated onto the metal tape.

S. The conductor of Claim 4, wherein the metal tape completely surrounds the

elongated metal wire.

6. The conductor of Claim 5, wherein the elongated metal wire has a
substantially circular cross-section, and the metal tape comprises a first metal tape that
surrounds approximately half the circumference of the elongated metal wire and a separate,
second metal tape that surrounds approximately the other half the circumference of the

elongated metal wire.

7. The conductor of Claim 1, wherein the axial direction of the carbon nanotubes

is generally aligned with a longitudinal axis of the elongated metal wire.

8. The conductor of Claim 1, wherein the metal sheet is welded to an exterior

surface of the elongated metal wire.

9. The conductor of Claim 1, wherein the metal wire comprises a copper-plated

aluminum wire.

10.  The conductor of Claim 1, wherein the elongated metal wire has a hollow
center, and wherein the metal sheet is bonded to an interior surface of the elongated metal

wire that is exposed by the hollow center.

-11-
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11. A coaxial cable that includes a center conductor, an outer conductor that
surrounds the center conductor, a dielectric layer that is disposed between the center
conductor and the outer conductor, and an outer jacket, wherein the center conductor

comprises a conductor according to Claim 1.

12.  The coaxial cable of Claim 11, wherein the outer conductor comprises:
an elongated hollow metal wire; and
an elongated metal tape that includes a plurality of carbon nanotubes which is welded

to an exposed surface of the elongated hollow metal wire.

13. A communications cable that includes at least one twisted pair of insulated
conductors that are contained within a cable jacket, wherein each of the conductors of the pair

of insulated conductors comprises a conductor according to Claim 1.

14. A method of forming a conductor of a communications cable, the method
comprising:

forming an elongated metal sheet that includes a plurality of carbon nanotubes;

providing an elongated metal wire;

heating at least one of the elongated metal sheet and the elongated metal wire;

bonding the elongated metal sheet to the elongated metal wire.

15.  The method of Claim 14, further comprising performing at least one process to
improve an alignment of the plurality of carbon nanotubes along a longitudinal axis of the
elongated metal sheet, wherein the at least one process is performed before, during and/or

after the formation of the elongated metal sheet.

16. The method of Claim 15, wherein heating at least one of the elongated metal
sheet and the elongated metal wire comprises heating the elongated metal sheet to at least a
- first temperature that is sufficient to at least partially melt a surface of the elongated metal
sheet and heating the elongated metal wire to at least a second temperature that is sufficient to

at least partially melt a surface of the elongated metal wire.

17.  The method of Claim 16, wherein elongated metal wire has a generally
circular cross-section, wherein a width of the elongated metal sheet is approximately one-half
the outer circumference of the elongated metal wire, wherein bonding the elongated metal

sheet to the elongated metal wire comprises welding the elongated metal sheet to cover

-12-
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approximately one-half the outer circumference of the elongated metal wire, the method
further comprising welding a second elongated metal sheet to substantially cover the

remainder of the outer surface of the elongated metal wire.

18.  The method of Claim 14, wherein the metal wire comprise a copper wire, a

copper alloy wire or a copper-plated aluminum wire.

19.  The method of Claim 14, wherein the carbon nanotubes are plated onto the

metal sheet and/or embedded in the metal sheet.

20.  The method of Claim 14, wherein the metal sheet completely surrounds the
elongated metal wire.
21. A coaxial cable, comprising:

a center conductor;

an outer conductor that surrounds the center conductor;

a dielectric layer that is disposed between the center conductor and the outer
conductor; and |

an insulative outer protective layer on the outer conductor,

wherein the outer conductor comprise an elongated hollow metal wire having an
exterior surface and an interior surface and a metal sheet that includes a plurality of carbon

nanotubes that is on the interior surface of the elongated hollow metal wire.

22.  The coaxial cable of Claim 21, wherein the metal wire has an exposed surface

that includes copper, and wherein the metal sheet includes copper.

23, The coaxial cable of Claim 21, wherein the axial direction of the carbon
nanotubes is generally aligned with a longitudinal axis that is defined by the elongated hollow

metal wire.

13-
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