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FREQUENCY SELECTOR FOR MM-WAVE COMMUNICATION
USING A DIELECTRIC WAVEGUIDE

[0001] This relates generally to waveguides for high frequency signals, and more particularly
to waveguides with dielectric cores.

BACKGROUND

[0002] In electromagnetic and communications engineering, the term waveguide may refer to
any linear structure that conveys electromagnetic waves between its endpoints. The original and
most common meaning is a hollow metal pipe to carry radio waves. This type of waveguide is
used as a transmission line for such purposes as connecting microwave transmitters and receivers
to their antennas, in equipment such as microwave ovens, radar sets, satellite communications,
and microwave radio links.

[0003] A diclectric waveguide employs a solid dielectric core instead of a hollow pipe. A
dielectric is an electrical insulator that can be polarized by an applied electric field. When a
dielectric is placed in an electric field, electric charges do not flow through the material as they
do in a conductor, but only slightly shift from their average equilibrium positions causing
dielectric polarization. Because of diclectric polarization, positive charges are displaced toward
the field, and negative charges shift in the opposite direction. This creates an internal electric
field, which reduces the overall field within the dielectric itself. If a dielectric is composed of
weakly bonded molecules, those molecules become polarized, and also reorient, so their
symmetry axis aligns to the field. While the term "insulator" implies low electrical conduction,
"dielectric" is typically used for describing materials with a high polarizability, which is
expressed by a number called the relative permittivity (ek). The term insulator is generally used
for indicating electrical obstruction, and the term dielectric is used for indicating the energy
storing capacity of the material by polarization.

[0004] Permittivity is a material property that expresses a measure of the energy storage per
unit meter of a material due to electric polarization (J/V*2)/(m). Relative permittivity is the
factor by which the electric field between the charges is decreased or increased relative to

vacuum. Permittivity is typically represented by the Greek letter €. Relative permittivity is also
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commonly known as dielectric constant.

[0005] Permeability is the measure of the ability of a material to support the formation of
a magnetic field within itself in response to an applied magnetic field. Magnetic permeability is
typically represented by the Greek letter p.

[0006] The electromagnetic waves in a metal-pipe waveguide may be imagined as travelling
down the guide in a zig-zag path, being repeatedly reflected between opposite walls of the guide.
For the particular case of a rectangular waveguide, an exact analysis is possible to base on this
view. Propagation in a dielectric waveguide may be viewed in the same way, with the waves
confined to the dielectric by total internal reflection at its surface.

SUMMARY

[0007] In described examples, signals on a dielectric waveguide are filtered to pass or block
selected frequencies. A combined signal is received in the dielectric waveguide. The combined
signal includes at least a first frequency signal with a first wavelength and a second frequency
signal with a second wavelength. The combined signal is split into a first portion and a second
portion. The first portion of the combined signal is delayed by an amount of delay time to form a
delayed first portion. The delayed first portion is joined with the received combined signal to
form a filtered signal, such that the first frequency signal is enhanced by constructive
interference while the second frequency signal is diminished by destructive interference. A
portion of the filtered signal is provided to a receiver. The amplitude of the second frequency
signal is attenuated in the filtered signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 is a plot of wavelength versus frequency through materials of various dielectric
constants.

[0009] FIG. 2 is an illustration of a dielectric waveguide frequency selector.

[0010] FIG. 3 illustrates a simulation of signal wave interaction in the selector of FIG. 2.
[0011] FIG. 4 is an example plot of S-parameters for the frequency selector of FIG. 2.

[0012] FIGS. 5-6 illustrate alternative examples of a waveguide frequency selector.

[0013] FIG. 7 is a cross section of a portion of a frequency selector illustrating a variable
voltage field for tuning the dielectric.

[0014] FIG. 8 is an example of a system in which waveguide frequency selectors are used on

different branches.
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[0015] FIGS. 9-11 are illustrations of example waveguides.

[0016] FIG. 12 illustrates another example of any of the waveguides of FIGS. 9-11.

[0017] FIGS. 13-14 are process flow diagrams illustrating fabrication of various configurations
of waveguides using a three dimensional printing process.

[0018] FIG. 15 is an illustration of a system illustrating various aspects of conformal
waveguides.

[0019] FIG. 16 is a flow chart of frequency selection in a waveguide system.

[0020] FIGS. 17-18 are illustrations of other examples of a waveguide frequency selector.
DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0021] A dielectric waveguide (DWG) is useful as an interconnect, such as to communicate
chip to chip in a system or system to system. To maximize the amount of data transmitted,
information may be transmitted in different frequencies or channels. Described examples
provide a way to filter and seclect the information in different frequencies or channels of
communication being transmitted through a dielectric waveguide by using a DWG frequency
selector device, as described in more detail below.

[0022] As frequencies in electronic components and systems increase, the wavelength
decreases in a corresponding manner. For example, many computer processors operate in the
gigahertz realm. As operating frequencies increase to sub-terahertz, the wavelengths become
short enough for signal lines to act as an antenna (if those signal lines exceed a short distance),
and signal radiation may occur. FIG. 1 is a plot of wavelength versus frequency through
materials of various dielectric constants. As illustrated by plot 102, which represents a material
with a low dielectric constant of 3 (such as a printed circuit board), a 100 GHz signal will have a
wavelength of approximately 1.7mm. Thus, a signal line that is only 1.7mm in length may act as
a full wave antenna and radiate a significant percentage of the signal energy. In fact, even lines
of A10 are good radiators, so a line as short as 170um may act as a good antenna at this
frequency.

[0023] Waves in open space propagate in all directions, as spherical waves. In this way, they
lose their power proportionally to the square of the distance. Accordingly, at a distance R from
the source, the power is the source power divided by R2. A waveguide is useful to transport high
frequency signals over relatively long distances. The waveguide confines the wave to

propagation in one dimension, so that under ideal conditions the wave loses no power while
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propagating. Electromagnetic wave propagation along the axis of the waveguide is described by
the wave equation, which is derived from Maxwell's equations, and where the wavelength
depends upon the structure of the waveguide, the material within it (such as air, plastic, vacuum),
and the frequency of the wave. Commonly-used waveguides are only of a few categories. The
most common kind of waveguide is one that has a rectangular cross-section, which is usually not
square. Commonly, the long side of this cross-section is twice as long as its short side. These
are useful for carrying electromagnetic waves that are horizontally or vertically polarized.

[0024] A waveguide configuration may have a core member made from dielectric material
with a high dielectric constant and be surrounded with a cladding made from dielectric material
with a lower dielectric constant. Theoretically, air could be used in place of the cladding,
because air has a dielectric constant of approximately 1.0, but any contact by humans or other
objects may introduce serious impedance mismatch effects that may result in signal loss or
corruption. Therefore, free air typically does not provide a suitable cladding.

[0025] For the exceedingly small wavelengths encountered for sub-THz radio frequency (RF)
signals, dielectric waveguides perform well and are much less expensive to fabricate than hollow
metal waveguides. Furthermore, a metallic waveguide has a frequency cutoff determined by the
size of the waveguide. Below the cutoff frequency, no propagation of the electromagnetic field
occurs. Dielectric waveguides may have a wider range of operation without a fixed cutoff point.
However, a purely dielectric waveguide may be subject to interference caused by touching by
fingers or hands, or by other conductive objects. Metallic waveguides confine all fields and
therefore do not suffer from EMI (electromagnetic interference) and cross-talk issues; therefore,
a dielectric waveguide with a metallic cladding may provide significant isolation from external
sources of interference.

[0026] Various configurations of dielectric waveguides (DWGQG) and interconnect schemes are
described in US Patent Publication number 2014-0285277, filed April 1, 2013, entitled
"Dielectric Waveguide Manufactured Using Printed Circuit Board Technology" and are
incorporated by reference herein. Various antenna configurations for launching and receiving
radio frequency signals to/from a DWG are also described therein and are incorporated by
reference herein.

[0027] FIG. 2 is an isometric illustration of a dielectric waveguide frequency selector device

200. In this example, an integrated circuit (IC) (not shown) may include a high frequency
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circuitry that produces a signal that is connected to a launching mechanism, such as a dipole
antenna, that is configured to launch an electromagnetic signal into an adjacent DWG that is
coupled to frequency selector device 200. In this example, frequency selector device 200 may be
formed on a substrate 220. For example, substrate 220 may be part of the IC, or the IC may be
mounted on substrate 220.

[0028] DWG frequency selector 200 has an input DWG portion 230 that is configured to
receive a high frequency signal launched into port 1. Input DWG 230 is bifurcated in region 231
to form a circular DWG portion 232 and an output DWG portion 233. In this example, the
radius of curvature of path 1 leading to circular DWG portion 232 and the radius of curvature of
path 2 leading to output DWG portion 233 are approximately equal.

[0029] A combined high frequency signal that has different frequency signals may be launched
into port 1 of frequency selector 200 from the high frequency circuitry of an IC that is coupled to
frequency selector device 200. At bifurcation region 231, the signal divides into two different
paths of equal or similar strength. For these two signals to have similar strengths, the radius of
curvature of the DWG of path 1 and path 2 may be approximately the same. For example, if
path 2 was to continue straight with no bend with respect to port 1, then most of the signal would
continue through path 2 and almost no signal would travel through path 1. However, in another
example, a different radius may be used for path 1 and for path 2 to cause the signal to bifurcate
in an unequal manner.

[0030] Another design consideration is that the dielectric constant of the DWG core needs to
be substantially higher than the dielectric constant of the cladding that surrounds the core. If this
is not the case, then an electromagnetic wave travelling from port 1 will have the tendency to
keep moving in a straight manner leaving the DWG. In this example, the dielectric constant of
the core is approximately 5, while the dielectric constant of the cladding is less than
approximately 2.

[0031] FIG. 3 illustrates a finite element simulation of the propagation of an electromagnetic
(EM) wave through the DWG frequency selector of FIG. 2. Filtering effects occur when the
electromagnetic wave of path 1 goes around the circular path 232 and rejoins the electromagnetic
wave coming from port 1 on input DWG portion 230. Depending the frequency (or wavelength)
of the electromagnetic wave and the length of the circular path 232, the signal will interfere

constructively or destructively with the signal coming from port 1.
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[0032] The condition for constructive interference is given by equation (1), and the condition
for destructive interference is given by equation (2).

Circular path length=n* EM1 wavelength, where n=1,2,3,4.... (1)

Circular path length= (n+1/2)* EM2 wavelength, where n=1,2,3,4.... (2)
[0033] For a given circular path length, equations (1) and (2) may be combined to form
equation (3) to determine a relationship between EM wavelengths that undergo constructive
interference and destructive interference.

n * EM1 wavelength = (n + 1/2) * EM2 wavelength

EM1 wavelength = ((n+ 1/2) /n ) * EM2  wavelength 3)
[0034] FIG. 4 is an example plot of S-parameters for the frequency selector of FIG. 2, showing
S12 insertion loss for the simulation illustrated in FIG. 3. In this example, based on equation (3),
a circular path length is selected such that n = 32. Thus, when EM1 equals 160 GHz, EM2
equals 162.5 GHz, according to equation (3). In this example, a modulation with approximately
5 GHz frequency is illustrated that corresponds to constructive interference and destructive
interference at different frequencies. Frequencies such as 160, 165, 170 etc. GHz show a dip in
the S12 parameter, indicating that (at these frequencies) a destructive interference is produced by
the filter device 200. Frequencies such as 162.5, 167.5, 172.5 etc. GHz show a much lower
insertion loss, indicating that the device is creating a constructive interference.
[0035] In this example, device 200 will act as a comb filter and filter out frequencies of
approximately 160, 165, 170 etc. GHz, when the length of the circular path is selected such that
n = 32. For example, the length factor "n" of the circular path may be selected to determine the
spacing of the teeth in the comb filter, according to equation (3).
[0036] While equations (1)-(3) are based on a circular path length and wavelength of the
signals, a similar set of equations may be derived for a time delay imposed on the signals based
on the period of the signals. Each wavelength has a corresponding time period for the duration
of one wavelength being transmitted through the DWG. Another example may use other known
or later developed means to delay a portion of the signal for a specified amount of time, such as a
delay line.
[0037] In this example, the plot of S12 insertion loss indicates a loss of at approximately 2.5
db for the constructive interference signals. The 2.5 dB of loss includes bending loss and other

losses from the entire device. The losses are due to the signal that is coming out of the DWG and
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from the intrinsic loss of the materials (attenuation due to the loss tangent of the polymers of the
core and cladding). The minimum diameter of delay loop 232 depends on the characteristics of
the core and cladding. As the contrast is bigger between the dielectric constant of the core and
cladding, the bending losses will be lower. In some examples, metallic or otherwise conductive
cladding may be added to the outside of the curved DWG that may reduce the bending losses.
[0038] FIG. 5 illustrates an alternative example of a waveguide frequency selector device 500.
DWG filter 500 has an input DWG portion 530 that is configured to receive a high frequency
signal launched into port 1. Input DWG 530 is bifurcated in region 531 to form a circular DWG
portion 532 and an output DWG portion 533. In this example, output DWG portion 533 may be
approximately straight instead of curved. To cause a significant amount of signal to bifurcate
through the bent portion of filter 500 and feed circular DWG portion 532, the signal filter may
use two different materials for the core. In this example, the magnitude of the electromagnetic
field in path 1 and path 2 is controlled by the selection of two different dielectric constant
materials for the core. This device has a core and cladding made of different polymers as
explained in more detail below. Additionally, in this case the device is made of two different
cores materials and only one cladding polymer. Core portions 530, 533 are implemented with a
core material having dielectric constant €1, and core portion 541 is implemented with a polymer
having dielectric constant €2. Generally, to produce a significant signal strength on path 1, the
divider is designed with €2 > ¢l to overcome the tendency of the electromagnetic wave to keep
moving straight from port 1 to port 2. Various configurations of dielectric waveguide signal
divider schemes are described in more detail in U.S. Patent Application number 14/498,512
(attorney docket TI-74460) filed September 26, 2014, entitled "Dielectric Waveguide Signal
Divider," which is incorporated by reference herein.

[0039] To minimize the impedance mismatch between the different dielectric core materials, a
taper or smooth transition region 543 is provided between the materials with dielectric constants
el and €2. In this example, the taper is linear; however, in another example, the taper may be
non-linear. The overall length of the taper should be several wavelengths of the signal to provide
a smooth impedance transition.

[0040] Curved interface 542 between core region 533 having dielectric constant €1 and core
region 541 having dielectric constant €2 causes a portion of an electromagnetic signal received

on port 1 to be diverted to path 1, while another portion of the signal proceeds through curved
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interface 542 to port 2. The amount of signal diversion depends on the difference between
dielectric constant €1 and diclectric constant €2. The radius, or angle, at which path 1 diverges
from path 2 also affects how much signal is diverted to path 1.

[0041] As described above, a filtering effect occur when the electromagnetic wave of path 1
goes around the circular path 532 and rejoins the electromagnetic wave coming from port 1 on
input DWG portion 530. Depending the frequency (or wavelength) of the electromagnetic wave
and the length of the circular path 532, the signal will interfere constructively or destructively
with the signal coming from port 1.

[0042] FIG. 6 illustrates an alternative example of a waveguide frequency selector device 600.
DWG filter 600 has an input DWG portion 630 that is configured to receive a high frequency
signal launched into port 1. Input DWG 630 is bifurcated in region 631 to form a circular DWG
portion 632 and an output DWG portion 633. To cause a significant amount of signal to
bifurcate through the bent portion of filter 600 and feed circular DWG portion 632, the signal
filter may use two different materials for the core. In this example, the magnitude of the
electromagnetic field in path 1 and path 2 is controlled by the selection of two different dielectric
constant materials for the core. Core portions 630, 633 are implemented with a core material
having dielectric constant €1, and core portion 641 is implemented with a polymer having
dielectric constant €2. Generally, to produce a significant signal strength on path 1, the divider is
designed with €2 > €1 to overcome the tendency of the electromagnetic wave to keep moving
straight from port 1 to port 2, similar to device 500.

[0043] To minimize the impedance mismatch between the different dielectric core materials, a
taper or smooth transition region 643 is provided between the materials with dielectric constants
¢l and €2. In this example, the taper is curvilinear; however, in another example, the taper may
be non-linear. The overall length of the taper should be several wavelengths of the signal to
provide a smooth impedance transition.

[0044] FIG. 7 is a cross section of a portion of a frequency selector device 700 illustrating a
variable voltage field for tuning the dielectric of core material 712, which is surrounded by
cladding material 710. Filter device 700 may be similar to any of the filter devices described
above.

[0045] The propagation velocity of an EM signal through a material is determined in part by

the dielectric constant of the material. Therefore, the wavelength of the EM signal may be
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changed by changing the dielectric constant of the transmission media. As shown by equations
(1) and (2), the filter characteristics of filter device 700 are determined by the wavelength of
signals traversing the circular DWG portion 732.

[0046] The diclectric constant of several high dielectric constant materials may change in the
presence of a DC electric field. Tunable dielectric materials are materials whose permittivity
(more commonly called dielectric constant) can be varied by varying the strength of an electric
field to which the materials are subjected. Even though these materials work in their paraelectric
phase above the Curie temperature, they are conveniently called “ferroelectric” because they
exhibit spontaneous polarization at temperatures below the Curie temperature. Tunable
ferroelectric materials including barium-strontium titanate (BST) or BST composites have been
reported. Strontium titanate may be used at low temperatures.

[0047]  This technique may be applied to any of the feedback paths 232, 532, 632 described
above. In this example, device 700 is fabricated on a substrate 720, which may be flexible or
rigid in different examples. An electrode 750 may be formed on a surface 722 of substrate 720.
A matching electrode 751 may be formed on top of curved DWG portion 732. The electrodes
750, 751 may cover a portion or most of the circular feedback DWG portion 732. In another
example, the matching electrodes may be formed on the sides of circular DWG portion 732,
instead of on the top and bottom.

[0048] Diclectric core material 712 is a tunable high dielectric material, such as BST or zinc
oxide (ZnO). Alternatively, dielectric core material 712 may be a polymer that is doped with
high dielectric particles, such as BST or ZnO. For example, the particles may be nm or um
sized. A variable voltage source 752 may be connected across electrodes 750, 751 and used for
tuning the dielectric constant value of core material 712 and for thereby tuning the filter
characteristics of filter 700. Control logic may be coupled to the variable voltage source to
control tuning of device 700.

[0049] FIG. 8 is an illustration of a system 800 that has at least three nodes 801, 802, and 803
that are interconnected with DWGs 861, 862, 863 using a signal divider 870 that are all formed
on a substrate 820. An example signal divider is described in more detail in US Patent
Application 14/498,512, (attorney docket TI-74460), filed Sept. 26, 2014, entitled "Dielectric
Waveguide Signal Divider", which is incorporated by reference herein. For example, the three

nodes may be a computing device and two peripheral devices or three computing devices. The
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nodes may be any form of computing device, such as, but not limited to: a system on a chip
(SOC), a rack mount, desk mount, or portable computer, or a mobile user device such a notebook
computer, a tablet computer, or a smart phone. The nodes may be any type of peripheral device
such as: a media storage device such as rotating or solid state disk drive, a modem or other
interface to a high speed network. Each node may be an integrated circuit. For example, all of
the nodes may be mounted on a common circuit board substrate 820. Alternatively, one or more
of the nodes may be on separate substrates.

[0050] DWG frequency selection device 871 is useful for selecting a particular signal
frequency to provide to node 802, as described above in more detail. Similarly, DWG signal
selection device 872 is useful for selecting a particular signal frequency to provide to node 803,
as described above in more detail. In this example, filter device 871 may be similar to device
500 or 600. Filter device 872 may be similar to device 200. However, different configurations
may be used in various implementations. For example, additional dividers 870 and filters 871,
872 may be used for connecting to additional nodes.

[0051] Each node 801, 802, 803 may be an SOC or may contain a PWB (printed wiring board)
or other type substrate on which are mounted one or more integrated circuits that produce or
receive a sub-terahertz signal that is coupled to a DWG using transceivers 851, 852, 853. The
manner of coupling between the IC and the DWG may be implemented using any of the
techniques described in more detail in US Patent Publication number 2014-0285277, or later
developed.

[0052] Waveguides 861, 862, and 863 may be any form of flexible or rigid DWG, such as
described in more detail below. For example, various system embodiments may have more or
fewer nodes interconnected with waveguides that are formed on a substrate.

[0053] In some examples, one or more of segments 861-863 may have a metallic or otherwise
conductive sidewalls, while one or more of segments 861-863 may be a dielectric waveguide in
which the sidewall cladding is also a dielectric material having a lower dielectric constant value
than the core region.

[0054] DWGs 861, 862, 863, signal divider 870, and filters 871, 872 may all be formed on a
single substrate 820 using an ink jet or another three dimensional printing process. In another
example, DWGs 861, 862, 863, signal divider 870, and filters 871, 872 may all be formed on a

single substrate using PWB fabrication techniques with plating and etching. In another example,
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DWGs 861, 862, 863, signal divider 870, and filters 871, 872 may be formed using diffusion
techniques to produce different dielectric constant values in a polymer material.

[0055] In some examples, substrate 820 may be a silicon, or other semiconductor or insulator
material, or a single integrated circuit that includes multiple functional nodes, often referred to as
a system on a chip (SoC). In that case, the SoC may include an antenna or other coupling
structure in a node such as node 801, an antenna, or other coupling structure in a second node
such as node 802, with a DWG coupled between the two nodes formed directly on the SoC
substrate.

[0056] A layer-by-layer additive fabrication technique, such as inkjet-printing, may be used for
manufacturing these steps of different dielectric constant polymers by printing the DWG directly
onto a substrate, as explained in more detail below.

[0057] Several configurations of dielectric waveguides and methods for making them will now
be described in more detail. In each example, a frequency selector device may be formed as part
of the waveguide as described above.

[0058] FIG. 9 illustrates a DWG 900 that is configured as a thin ribbon of a core dielectric
material surrounding by a dielectric cladding material. The core dielectric material has a
dielectric constant value €1, while the cladding has a dielectric constant value of €2, where €1 is
greater than €2. In this example, a thin rectangular ribbon of the core material 912 is surrounded
by the cladding material 910. For sub-terahertz signals, such as in the range of 130-150
gigahertz, a core dimension of approximately 0.5mm x 1.0mm works well. DWG 900 may be
fabricated conformably onto surface 922 of substrate 920 using the inkjet printing process or
other 3D printing process described in more detail below.

[0059] In this example, diclectric clad DWG 900 is fabricated on a surface 922 of a substrate
920, as explained in more detail below. This substrate may range from an integrated circuit (IC)
die, a substrate in a multi-chip package, or a printed circuit board (PCB) on which several 1Cs
are mounted. The substrate may be any commonly used or later developed material used for
electronic systems and packages, such as: silicon, ceramic, Plexiglas, fiberglass, plastic, metal.
The substrate may be as simple as paper.

[0060] FIG. 10 illustrates a metallic, or other conductive material, clad DWG 1000 that is
configured as a thin ribbon of the core material 1012 surrounding by the metallic cladding

material 1010. For sub-terahertz signals, such as in the range of 130-150 gigahertz, a core
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dimension of approximately 0.5mm x 1.0mm works well.

[0061] In this example, metallic clad DWG 1000 is fabricated on a surface 1022 of a substrate
1020. This substrate may range from an integrated circuit (IC) die, a substrate in a multi-chip
package, or a printed circuit board (PCB) on which several ICs are mounted. The substrate may
be any commonly used or later developed material used for electronic systems and packages,
such as: silicon, ceramic, Plexiglas, fiberglass, plastic, or metal. The substrate may be as simple
as paper.

[0062] FIG. 11 illustrates a metallic, or other conductive material, clad DWG 1100 that is
configured as a thin ribbon of the core 1112 surrounding by the metallic cladding material 1110.
In this example, core 1112 includes a thin rectangular ribbon of the core material 1113 that is
surrounded by a second layer of core material 1114 to form a graded core 1112. Core region
1113 has a dielectric constant value of ¢k1, while core region 1114 has a dielectric constant value
of k2, where ¢k1> ¢k2. In another example, graded core 1112 may include more than two
layers of core material, with each layer having a different relative dielectric constant value
ranging from relative permittivity of erl - ern. In another example, the graded core may be
implemented in such a manner that the dielectric constant value gradually varies from a higher
value in the center to a lower value at the outside edge. In this manner, a graded core may be
provided that tends to confine the sub-THz frequency signal to the core material and thereby
reduce cutoff effects that may be produced by the metallic cladding.

[0063] In this example, metallic clad DWG 1100 is fabricated on a surface 1122 of a substrate
1120. This substrate may range from an integrated circuit (IC) die, a substrate in a multi-chip
package, or a printed circuit board (PCB) on which several ICs are mounted. The substrate may
be any commonly used or later developed material used for electronic systems and packages,
such as: silicon, ceramic, Plexiglas, fiberglass, plastic, or metal. The substrate may be as simple
as paper.

[0064] FIG. 12 illustrates another example waveguide 1200 of any of the waveguides of FIGS.
9-11. In this example, waveguide 1200 is fabricated on a surface 1222 of a substrate 1220. This
substrate may range from an integrated circuit (IC) die, a substrate in a multi-chip package, or a
printed circuit board (PCB) on which several ICs are mounted. The substrate may be any
commonly used or later developed material used for electronic systems and packages, such as:

silicon, ceramic, Plexiglas, fiberglass, plastic, or metal. The substrate may be as simple as paper.



WO 2015/157553 PCT/US2015/025173
13

[0065] For a metallic clad waveguide, such as those illustrated in FIGS. 10-11, a bottom
portion of waveguide 1200 may be formed by a conductive layer 1230 that may extend along
surface 1222 beyond a footprint of waveguide 1200, as indicated at 1231, 1232. For a
non-metallic DWG such as illustrated in FIG. 9, a bottom portion of waveguide 1200 may be
formed by a dielectric layer 1230 that may extend along surface 1222 beyond a footprint of
waveguide 1200, as indicated at 1231, 1232. In either case, the extent of regions 1231, 1232
may be minimal, or they may cover an extended portion of surface 1222, or even the entire
surface 1222. Conductive layer 1230 may be metallic or may be a conductive non-metallic
material.

[0066] Described examples may be implemented using any of the diclectric core waveguides
described above. In each example, one or more frequency selection devices may be provided to
allow multiple frequency signals to be transmitted across a single DWG.

[0067] The various diclectric core waveguide configurations described above may be
fabricated using a printing process, such as an inkjet printer or other three dimensional printing
mechanism that can "print" various polymer materials. For example, see "3D printing,"
Wikipedia, Sept 4, 2014. Printing allows for the rapid and low-cost deposition of thick dielectric
and metallic layers, such as 0.1 um — 1000 um thick, while also allowing for fine feature sizes,
such as 20um feature sizes. Standard integrated circuit (IC) fabrication processes are not able to
process layers this thick. Standard macroscopic techniques, such as machining and etching,
typically used for manufacturing dielectric waveguides and metallic structures may only allow
feature sizes down to 1 mm. These thicker printed dielectric and metallic layers on the order of
100nm — Imm which are made possible by inkjet printing enable waveguide operation at Sub-
THz and THz frequencies. Previously optical frequencies could be handled using standard
semiconductor fabrication methods while lower frequencies may be handled using large metallic
waveguides; however, there was a gap in technology for fabricating waveguides for THz signals.
Printing the waveguides directly onto the chip/package/board mitigates alignment errors of
standard waveguide assemblies and simplifies the packaging process.

[0068] FIG. 13 is a process flow diagram illustrating fabrication of a waveguide with a
dielectric core similar to FIGS. 9 and 10 using an ink jet printing process. In process step 1301,
an inkjet printing mechanism illustrated at 1351 deposits a bottom layer 1330 on a top surface of

a substrate 1320 using a known printing process. This bottom layer will form a bottom surface
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of the waveguide. Bottom layer 1330 may be a dielectric layer for forming a dielectric
waveguide similar to DWG 900. Similarly, bottom layer 1330 may be a conductive layer for
forming a conductive waveguide similar to DWG 1000. Bottom layer 1330 may be configured
so that it only extends across the bottom region of the waveguide, as illustrated in FIGS. 9-10, or
it may be configured to extend beyond the walls of the waveguide, as illustrated in FIG. 12.
Bottom layer 1330 extends the length of the waveguide and conforms to the top surface of
substrate 1320.

[0069] In another example, bottom layer 1330 may be pre-fabricated on the substrate; for
example, it may be a conductive layer that is laminated on the surface of substrate 1320. In this
example, unneeded portions of the conductive layer may be removed by etching, or by other
known fabrication techniques for creating patterned features on a substrate. In another example,
bottom layer 1330 may be formed by diffusion of a layer onto substrate 1320, or by sputtering a
layer onto substrate 1320, or by flooding the surface of substrate 1320 with a liquid or paste. In
another example, a stamped metal or dielectric shape may be laminated or otherwise affixed to
substrate 1320 to form bottom layer 1330

[0070] In process step 1302, a core member 1312 is formed by printing a dielectric material to
form the core of the waveguide. Multiple passes of print-head 1352 may be required to obtain a
desired thickness for core 1312. The printed dielectric may be composed of any dielectric
material which can be deposited in thick layers, such as polymers or oxides. Additional passes
of print-head 1352 may be performed using materials having different dielectric constant values
to form the bifurcation region 531, 631, such as in FIGS. 5 and 6.

[0071] During process step 1303, a conformal cladding coating is applied by print-head 1353
to cover the top and sides of the waveguide. In this manner, core 1312 is enclosed with a
conductive cladding 1310 or a dielectric cladding to form a waveguide. Various conductive
materials that can be printed in this manner are useful to form coating 1310, such as: a
conductive ink with metallic filler, a conductive polymer formed by ionic doping, carbon and
graphite based compounds, or conductive oxides. Similarly, a dielectric material similar to base
layer 1330 are useful to form the cladding for a non-conductive DWG.

[0072] FIG. 14 is a process flow diagram illustrating fabrication of a metallic waveguide with
a dielectric core similar to FIG. 11 using an ink jet printing process. In this example, a bottom

layer 1430 is formed on a top surface of substrate 1420 by a print-head 1451 during process step
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1401, in a similar manner as described above with regard to FIG. 13. A first core layer 1414 is
formed by print-head 1452 during process step 1402 in a similar manner as described above.
[0073] During process step 1403, a region 1413 of the core is formed by print-head 1453 using
a dielectric material that has a different dielectric constant than the material used for layer 1414.
Then, in step 1404 another layer 1415 of dielectric material is applied by print-head 1454 to
complete the core member of the waveguide. In this example, three layers 1414, 1413, and 1415
are used for forming core member 1412. In this example, layer 1413 has a relative dielectric
constant value erl that is greater than the relative dielectric constant value er2 of layers 1414,
1415. As discussed above, in this manner is graded core may be formed that allows the sub-THz
signal to be more confined within the region of the dielectric core.

[0074] Multiple passes of print-head 1453 may be required to obtain a desired thickness for
core 1413. The printed diclectric may be composed of any dielectric material, which can be
deposited in thick layers, such as polymers or oxides. Additional passes of print-head 1453 may
be performed using materials having different dielectric constant values to form the bifurcation
region 531, 631, such as in FIGS. 5 and 6.

[0075] In another example, additional layers are useful to form core member 1412 using a
range of relative permittivity of erl - ern.

[0076] During process step 1405, a printed conductive coating is applied by print-head 1455 to
cover the top and sides of the waveguide. In this manner, core 1412 is enclosed with a
conductive cladding 1410 to form a waveguide, as discussed in more detail above.

[0077] For all of the waveguide examples described above, the waveguides may be printed
arbitrarily long in a desired pattern in the plane of the substrate. However, the length of the
DWG may be limited by the “attenuation budget" available, because the transceiver must allow
for a determined attenuation of the signal between TX and RX. The maximum length of the
DWG depends on several factors, including: the material of the DWG, its attenuation, isolation
properties, bending loss and number of curves.

[0078] Printed waveguides may conform to the surface topology of the substrate. If the
substrate is flexible, the waveguide may also be flexible if the materials to print the waveguide
are also flexible.

[0079] In another example, the diclectric core may be formed in a such a manner that the

dielectric core has a diclectric constant value that varies over at least two values along the
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longitudinal extent of the dielectric core. For example, this may be done by printing different
materials along the extent of the diclectric core. This may be useful for matching impedance of
the waveguide to another waveguide.

[0080] Typically, using a lithographic process to form the diclectric core would produce
essentially vertical sidewalls on the dielectric core. Deposition of a metallic material to cover the
dielectric core may be difficult when the sides of the dielectric core are vertical. However, using
an inkjet process to form the dielectric core and controlling the surface tension of the ink allows
the slope, or angle, of the sidewalls of the printed waveguide to be controlled. Thus, the
sidewalls of the dielectric core may be formed with a slight inward slope, or may be formed
perfectly vertical, depending on the needs of the next processing step. In this manner, deposition
of the metallic sidewalls may be improved. This may not be an issue in other 3D printing
processes, however.

[0081] FIG. 15 is an illustration of a system 1500 illustrating various aspects of conformal
waveguides. In this example, four nodes 1501-1504 with transceivers 1551-1554 are mounted or
otherwise formed on a surface of substrate 1520, as described in more detail above. Transceiver
1551 is coupled to transceiver 1552 by a waveguide 1561 that is also formed on the surface of
substrate 1520 as described in more detail above. Likewise, transceiver 1553 is coupled to
transceiver 1554 by a waveguide 1562 that is also formed on the surface of substrate 1520 as
described in more detail above. One or more filters 1571 may be included to pass or reject a
particular signal frequency, as discussed above in more detail.

[0082] As described in more detail above, waveguides 1561, 1562 may be formed directly on
the surface of substrate 1520 using an inkjet process or other form of 3D printing. This process
allows the waveguides to be formed on a chip die of each node and to then follow over the edge
of each die an onto the surface of substrate 1520. In a similar manner, one waveguide, such as
1562, may be routed over the top of another waveguide, such as 1561, as indicated at 1571.
[0083] In some examples, substrate 1520 may be a single integrated circuit that includes
multiple functional nodes in a single SoC. In that case, the SoC may include an antenna or other
coupling structure in each node such as node 1501-1504, with one or more DWGs coupled
between the two nodes formed directly on the SoC substrate. In this manner, a wide degree a
freedom is available to route multiple waveguides on a surface of the substrate, and to cross over

other waveguides or other physical features that are present on the surface of the substrate.
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[0084] As shown by the above descriptions and examples, multiple electronic devices may be
casily interconnected to provide sub-terahertz communication paths between the electronic
devices by using the techniques described herein.

[0085] Printable metallic waveguides on top of a chip, package, or board may be processed
onto nearly any substrate (such as silicon, Plexiglas, plastic, paper). Printed dielectric layers on
the order of 100nm — Imm which are made possible by inkjet printing enable waveguide
operation at Sub-THz frequencies; previously only optical frequencies could be reached using
standard fabrication methods. A metallic or otherwise conductive shell provides isolation over
standard dielectric waveguides.

[0086] Thus, extremely low-cost and low-loss sub-THz signal routing waveguides may be
printed onto nearly any substrate. Printing the waveguides directly onto the chip/package/board
mitigates alignment errors of standard waveguide assemblies and simplifies the packaging
process.

[0087] FIG. 16 is a flow chart of a method of filtering signals on a dielectric waveguide. A
combined signal is received 1602 on an input port of the DWG, wherein the combined signal
includes at least a first frequency signal with a first wavelength and a second frequency signal
with a second wavelength. Each wavelength has a corresponding time period for the duration of
one wavelength being transmitted through the DWG.

[0088] The combined signal is split 1604 into a first portion and a second portion. This may
be done by bifurcating the signal as described with regard to bifurcation region 231, 531, 631. In
one example, the bifurcation region may be formed by two DWG curved segment branches that
cach have a similar curvature radius. In another example, the bifurcation region may be formed
by a curved interface between two regions of different dielectric constant, as illustrated by 531,
631.

[0089] The first portion of the combined signal is delayed 1606 by an amount of time to form a
delayed first portion. This may be done by passing the first portion of the signal through a DWG
feedback loop or delay line, such as loop 232, 532, 632. As discussed above with regard to
equation (1) and (2), the delay time may be selected to be approximately an integer multiple of
the first wavelength time period, or an integer multiple plus 1/2 of the second wavelength time
period.

[0090] The delayed first portion is combined 1608 with the received signal to form a filtered
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signal such that the first frequency signal is enhanced by constructive interference while the
second frequency signal is diminished by destructive interference. This may be done by merging
the circular DWG feedback loop with the input portion of the DWG, as described above in more
detail.

[0091] A portion of the filtered signal is provided 1610 to a receive. As described above in
more detail, the amplitude of the second frequency signal is attenuated in the filtered signal. As
described above, a portion of the filtered signal may be split by bifurcation region 231, 531, 631,
and provided to an output port by path 2 and thereby to a receiver that is coupled to output port
2.

[0092] In some examples, the delay may be adjusted 1620 to tune the filter characteristics. For
example, this may be done by adjusting the dielectric constant of the circular feedback loop by
impressing a variable DC field across the dielectric core material of the circular feedback loop.
[0093] FIG. 17 is an illustration of another example of a waveguide frequency selector device
1700. FIG. 17 illustrates only the core is illustrated for simplicity; however, selector device 1700
is constructed in a similar manner as described above in more detail. DWG filter 1700 has an
input DWG portion 1730 that is configured to receive a high frequency signal launched into port
1. Input DWG 1730 is bifurcated in region 1731 to form a delay-line DWG portion 1732 and an
output DWG portion 1733. In this example, output DWG portion 1733 may be approximately
straight instead of curved. To cause a significant amount of signal to bifurcate through the bent
portion of filter 1700 and feed delay-line DWG portion 1732, the signal filter may use two
different materials for the core, as described in more detail with regard to FIGS. 5 and 6.

[0094] As described above, filtering effects occur when the electromagnetic wave of path 1
goes through the delay path 1732 and rejoins the electromagnetic wave coming from port 1 on
input DWG portion 1730 at joining region 1734. Depending on the frequency (or wavelength) of
the electromagnetic wave, the length of the delay path 1732, and the length of path 2 between the
bifurcation region 1731 and joining region 1734, the signal will interfere constructively or
destructively with the signal coming from port 1.

[0095] In some examples, the diclectric of path 1 or path 2 may be tuned using an electric
field, as described in more detail with regards to FIG. 7.

[0096] This DWG filter device is bidirectional, in that a signal may be received at either port 1
or and/or at port 2.
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[0097] FIG. 18 is another bidirectional example that operates in a similar manner to FIG. 17.
[0098] Other examples in which an input DWG 1is bifurcated to create two different length
paths that are then rejoined to produce constructive and/or destructive interference based on a
difference in delay time between the two paths may be easily derived using the principles
described herein.

[0099] Described examples allow sending information in different frequencies or channels
across a DWG and filtering them at the other end of the DWG interconnect. This can be
accomplished with a device that may be passive or active. Examples of passive devices are
described in FIGS. 2, 5 and 6. For example, an active device may include an active modulation
of the dielectric constant of the circular DWG portion by means a variable DC field.

[0100] While a diclectric waveguide has been described herein, another example may use a
metallic or non-metallic conductive material to form the top, bottom, and sidewalls of the
waveguide, such as: a conductive polymer formed by ionic doping, carbon and graphite based
compounds, or conductive oxides. As used herein, the term "conductive waveguide" refers to a
waveguide having either metallic or non-metallic conductive sidewalls.

[0101] While a circular DWG feedback loop was described herein, the feedback loop may be
oval, elongated, or square with rounded corners.

[0102] While waveguides with polymer diclectric cores have been described herein, other
examples may use other materials for the dielectric core, such as ceramics or glass.

[0103] The substrate on which a dielectric core waveguide is formed may be rigid or flexible,
planar or non-planar, and smooth or irregular. Regardless of the topology of the substrate, the
dielectric core waveguide may be formed on the surface of the substrate and conform to the
topology of the surface by using the additive processes described herein.

[0104] While dielectric cores with a rectangular cross section are described herein, other
examples may be easily implemented using the printing processes described herein. For
example, the dielectric core may have a cross section that is rectangular, square, trapezoidal,
cylindrical, oval, or many other selected geometries. Furthermore, the processes described
herein allow the cross section of a dielectric core to change along the length of a waveguide to
adjust impedance and produce transmission mode reshaping.

[0105] In some examples, the substrate may be removed after forming a waveguide using the

inkjet printing or other 3d printing process by dissolving the substrate with an appropriate
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solvent or melting a heat sensitive substrate. In this manner, a free standing waveguide that may
have a complicated shape may be formed using the ease of fabrication and optional material
variations available as described herein.

[0106] For example, the dielectric core of the conductive waveguide may be selected from a
range of approximately 2.4-12. These values are for commonly available dielectric materials.
Dielectric materials having higher or lower values may be used when they become available.
[0107] While formation of a conductive waveguide by directly printing the waveguide onto the
substrate using a layer-by-layer additive fabrication technique such as inkjet-printing is described
herein, other additive techniques such as screen-printing, flexographic printing, or 3D printing
may also be used.

[0108] While DWGs and metallic or otherwise conductive waveguides are described herein,
the inkjet and 3D printing techniques described herein are also useful to form other forms of
waveguides and micro-coax that conform to a surface of a substrate.

[0109] The term “couple” and derivatives thereof are intended to mean an indirect, direct,
optical, and/or wireless electrical connection. Thus, if a first device couples to a second device,
that connection may be through a direct electrical connection, through an indirect electrical
connection via other devices and connections, through an optical electrical connection, and/or
through a wireless electrical connection.

[0110] Modifications are possible in the described embodiments, and other embodiments are

possible, within the scope of the claims.
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CLAIMS
What is claimed is:
1. A method of filtering signals on a dielectric waveguide, the method comprising:

receiving a combined signal on the dielectric waveguide (DWG), wherein the combined
signal includes at least a first frequency signal with a first wavelength and a second frequency
signal with a second wavelength;

splitting the combined signal into a first portion and a second portion;

delaying the first portion of the combined signal by an amount of delay time to form a
delayed first portion;

joining the delayed first portion with the received combined signal to form a filtered
signal such that the first frequency signal is enhanced by constructive interference while the
second frequency signal is diminished by destructive interference; and

providing a portion of the filtered signal to a receiver, wherein the amplitude of the
second frequency signal is attenuated in the filtered signal.
2. The method of claim 1, wherein the amount of delay time is approximately equal to an
integer multiple of the first wavelength time period.
3. The method of claim 1, wherein the amount of delay time is approximately equal to an
integer multiple plus 1/2 of the second wavelength time period.
4. The method of claim 1, wherein splitting the combined signal is performed using two
curved DWG branches with similar curvature radius.
5. The method of claim 1, wherein splitting the combined signal is performed using a
curved or an angled interface in the DWG core with a different dielectric constant value on each
side of the curved or angled interface.
6. The method of claim 1, wherein delaying the first portion of the combined signal is
performed using a DWG delay line, and wherein the length of the DWG delay line is
approximately equal to an integer multiple of the wavelength of the first frequency signal.
7. The method of claim 6, further comprising adjusting the delay time amount by adjusting
a value of the dielectric constant of the DWG delay line.
8. The method of claim 7, wherein adjusting the dielectric constant is performed by

adjusting a magnitude of a voltage field across the DWG delay line.
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9. A dielectric waveguide (DWG) system comprising;:

a DWG frequency selector, wherein the frequency selector includes a dielectric
waveguide having an input portion that terminates in a bifurcation region to form a first branch
and a second branch, wherein a first one of the branches forms a delay line that rejoins the
second branch.

10.  The system of claim 9, wherein the first branch has a curved portion having a first radius
within the bifurcation region, and wherein a second branch has a curved portion having a radius
approximately equal to the first radius within the bifurcation region.

11.  The system of claim 9, wherein the first branch has a curved portion having a first
dielectric value within the bifurcation region, and wherein a second branch has a second
dielectric constant value within the bifurcation region separated from the first branch by an
interface plane, such that the first dielectric value is greater than the second dielectric value.

12.  The system of claim 9, further comprising a substrate having a surface, wherein the
waveguide is formed on the surface of the substrate, and wherein the waveguide includes:

a conformal base layer formed on the surface of the substrate; and

two spaced apart sidewalls and a conformal top layer connected to the base layer to form
a longitudinal core region.

13.  The system of claim 12, wherein the conformal base layer extends beyond the sidewalls.
14. The system of claim 12, further comprising:

a transmitting device mounted on the surface of the substrate being coupled to the
waveguide and operable to launch a radio frequency (RF) signal into the frequency selector; and

a receiving device mounted on the surface of the substrate being coupled to the
waveguide and operable to receive a portion of the RF signal from the frequency selector.

15. The system of claim 12, wherein at least one of the conformal base layer, sidewalls, and

conformal top layer is metallic.



WO 2015/157553 PCT/US2015/025173

1/9
FIG. 1
2.00
WAVELENGTH VERSUS FREQUENCY
1.80
160
1.40
E
E 1204 102
xI
0o
E 1.00 104
o 0.80 106
< YVOUT]
=
0.60 -
0.40 | | —o— DIELECTRIC CONSTANT =3
—&— DIELECTRIC CONSTANT = 4
0.20 1 | _a— DIELECTRIC CONSTANT = 10
0.00 T T T T T
9.00E+10  1.40E+11  1.30E+11  150E+11  170E+11  190E+11  2.10E+11
FREQUENCY (Hz)
FIG. 2
200
\ 232
) —

V7931 pami >\

220

PORT 2



WO 2015/157553

2/9

PCT/US2015/025173

| 4.0798E+004

T ST O MDD M MM AN N ™ T T T
[l = i e i el = = R = R = ] o O 0O 0O
O O O 0 0O 0 0O O O o OO O O
+ + + + + + + + + + + + + +
[ oy T oy W oy WS o W oy T oy W R N ool
M v~ I OO N O M~ O W D O N M~ D
D O O St M O M~ 0 O N N AN «— O
O M~ O WD N ST O AN AN D <t —
< ¥ 00N ©OWN N Mo N
AN v~ O IO M «~— v« M~ < D WO M N

E FIELD[V_per_m]

~ |7
?P

T T SNSEEN TS b
e /e AL

( .

0
AP

A\ il m@i@ﬁk\% <
J

230 roRr

FIG. 3




WO 2015/157553 PCT/US2015/025173

3/9

FIG. 4
250

-3.75

-5.00

6.25
Y1

-7.50

-8.75

-10.00

-11.25 T T T T T T T
140.00 14500 150.00 155.00 160.00 165.00 170.00 175.00 180.00

FREQ[GHZ]

500 e
FIG. 5 542 541 543 e 530

| ] ) )
NN N NINNIN NN N KN

PORT 2




WO 2015/157553 PCT/US2015/025173

4/9

€1 600 €1
633 642 641 643 ,/ 630

) |} \ )
NN NININ NN N N KN

PORT 2

700 732
\‘ A
751
£




WO 2015/157553 PCT/US2015/025173

800 5/9

\‘ 820
y
802 801
\ %ZO /
NODE 862 871 861 NODE
\ F___S____ﬂ /

XCVR ' ‘ XCVR

852 851

NODE @
XCVR ; :
N

y /

853 863 872
/
803

FIG. 8
900
(=]
S AN
e €ko \
. 910 AN
v

il LA
FLEXIBLEg " \\\!—/Z IO'S "
RIBBON | / / / / )/ 9/22




WO 2015/157553

6/9

PCT/US2015/025173

e
// AN
/ 1012 AN
\4
N |0.5mm
10107 \ 1022
/
1020{L\L/ :Va
1 mm q
FIG. 10
1100
d
N
7 1a 112 N
L NN
S )
\\ N
N
//// 1122
< </ /




WO 2015/157553 PCT/US2015/025173

7/9
1200
P
e AN
// AN
s 1210 AN

-

0.5mm

N

/
1231 1232
1222.;;,,

1220{&/\4/4 444444)

=| 1230

FIG. 12

1351 1352 1353




WO 2015/157553 PCT/US2015/025173

8/9
14§1 1452 14§3 1454 1;55
| | | | [
3 3 1414 3 1413 3 1‘}12 s/
1430
1420
A A - Y. N =)
. a0 L L. 0 L A L L oo L A
1401 1402 1403 1404 1405
¢
FIG. 14

FIG. 15



WO 2015/157553

9/9

PCT/US2015/025173

1602 RECEIVE A COMBINED SIGNAL IN A DWG
™ THAT HAS AT LEAST A FIRST FREQUENCY
SIGNAL AND A SECOND FREQUENCY SIGNAL
Y
1604~]  SPLIT THE COMBINED SIGNAL INTO A
FIRST PORTION AND A SECOND PORTION 1620
v /
1606~ DELAY THE FIRST PORTION BY ANAMOUNT |_ | ADJUST THE
OF TIME TO FORM A DELAYED FIRST PORTION |~ | DELAY TIME
Y
COMBINE THE DELAYED FIRST PORTION
WITH THE RECEIVED SIGNAL TO FORM A
FILTERED SIGNAL, SUCH THAT THE FIRST
16081 _ FREQUENCY SIGNAL IS ENHANCED BY
CONSTRUCTIVE INTERFERENCE WHILE THE
SECOND FREQUENCY SIGNAL IS DIMINISHED
BY DESTRUCTIVE INTERFERENCE
Y
PROVIDE A PORTION OF THE
1610~ FILTERED SIGNAL TO A RECEIVER
FIG. 16
PORT 1 1700 PORT 1
1730~ 1730~
\_ _PATH 1;32 1731~
N
L 1731
PATH? |||~ 1734
f PATH 2
 J
17331 1733
U poRT 2 U poRT 2
FI1G. 17 FIG. 18

1800




INTERNATIONAL SEARCH REPORT

International application No.

PCT/US 2015/025173

A CLASSIFICATION OF SUBJECT MATTER

HOIP 1/20 (2006.01)

HOIP 3/16 (2006.01)

HOIP 5/12 (2006.01)
According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

HO1P 3/00-3/16, 5/00-5/18, 1/20

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

Espacenet, K-PION, PAJ, PatSearch (RUPTQO internal), USPTO

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 6111485 A (TELEFONAKTIEBOLAGET LM ERICSSON) 29.08.2000, 1-15
col. 2, lines 33-37, claim 29
A GB 776971 A (AUTOMATIC TELEPHONE & ELECTRIC COMPANY 1-15
LIMITED) 12.06.1957, p. 2, lines 13-35, p. 3, lines 69-81
A WO 2002/089116 A1 (KONINKLIJKE PHILIPS ELECTRONICS N.V. et al.) 1-15
07.11.2002, p. 5, lines 6-10
D Further documents are listed in the continuation of Box C. D See patent family annex.
* Special categories of cited documents: “T” later document published after the international filing date or priority

“A”  document defining the general state of the art which is not considered
to be of particular relevance

“E”  earlier document but published on or after the international filing date

“L”  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“0”  document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X”  document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y”  document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&”  document member of the same patent family

Date of the actual completion of the international search

19 June 2015 (19.06.2015)

Date of mailing of the international search report

09 July 2015 (09.07.2015)

Name and mailing address of the ISA/RU:

Federal Institute of Industrial Property,
Berezhkovskaya nab., 30-1, Moscow, G-59,

GSP-3, Russia, 125993

Facsimile No: (8-495) 531-63-18, (8-499) 243-33-37

Authorized officer
0O. Kachan

Telephone No. 8(495)531-64-81

Form PCT/ISA/210 (second sheet) (January 2015)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - claims
	Page 23 - claims
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - wo-search-report

