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MULTI-FREQUENCY DIRECTIONAL ACCESS POINT
COMMUNICATION

CROSS-REFERENCE TO RELATED APPLICATION

10001} This application claims the benefit of U85, Provisional Patent Application
No. 62/087,423, filed December 4, 2014, which is incorporaled herein by reference
in its entirety.

{0002} This application claims the benefit of U.S. Patent Application No.
14/948,849, filed November 23, 2015, which is incorporated herein by reference in
its entirety.

TECHNICAL FIELD

f0003] The disclosed embodimenis relate o systems and methods for
communicating between an access point (AP) and one or more user devices across

various wireless radiofrequency channels.
BACKGROUND

10004] Users increasingly demand ubiguiious wireless coverage for their
devices and resist limitations on their bandwidth or maximum range. Television
White Space (TVWS) frequencies may soon supplement available freguencies to
further accommuodate this demand. Although the 802.11af standard defining certain
aspects of TVWS may be referred to as “Super-WIFT in some organizations, for the
purposes of this document, "TVWS™ generally refers 1o frequency ranges below
appraximately 700Mhz while "WIFI" generally refers to frequencies within +/- 0.8
GHz of 2.4GHz and within +/- 0.8 GHz of 5GHz. As TVWS ranges (e.g., the upper
500-700Mhz bands) are generally at lower frequencies than, e.g., WIF! signals
{communications using approximately 2.4GHz and 5GHz), the TVWGE signals may
be able to travel further distances and pass through thicker media than higher
frequency channels. Unfortunately, the lower freguency TVWS channels may be
less amenable to higher bandwidth applications.
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$0005] Device manufacturers commaonly employ “chipsets” provided by various
companies, e.g., for digital communications. For example, chipsets exist for IEEE
802.11 WKL, celiular communications, efc.  Although some chipsets may soon
provide the ability to alternate between TVWS and WK communication channels, it
i& unclear how the channeis shouid be used and how traffic should be sllocated
between them. Suboptimal application of the TVWS and WIFI capabilities may
result in little improvement over previous approaches despite the substitution of the
new chipsets or modification of existing chipsets. Accordingly, there is a need for
systems and methods supplementing user connectivity with these new channels,
while acknowledging their relative benefits and limitations.

SUMMARY OF PARTICULAR EMBODIMENTS

10006] Embodiments according to the invention are in particular disclosed in
the attached claims directed to a method, a storage medium, a system and a
computer program product, wherein any feature mentioned in one claim category,
e.g. method, can be claimed in another claim category, e.g. system, as well. The
dependencies or references back in the atlached claims are chosen for formal
reasons only. However any subject matter resulling from a deliberate reference back
to any previous claims {in particular multiple dependencies) can be claimed as well,
so that any combination of claims and the features thereof is disclosed and can be
claimed regardiess of the dependencies chosen in the attached claims. The subject-
matier which can be claimed comprises not only the combinations of fealures as sel
out in the attached claims but also any other combination of features in the claims,
wherein each feature mentioned in the claims can be combined with any other
feature or combination of other features in the claims. Furthermore, any of the
embodiments and features described or depicted herein can be claimed in a
separate claim and/or in any combination with any embodiment or feature described

or depicted herein or with any of the features of the attached claims.

10007] in an embodiment according to the invention, an access point may

comprise:
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a first antenna configured for transmission using a Television White Space {TVWS)
frequency;

an antenna array configured for directional transmission on a Wikl frequency; and
one or more processors configured to:

receive a first message from a user device using a TVWS frequency;

determine location information associated with the user device;

determine a beam-steering configuration based upon the location information; and

transmit a second message on the WIFI frequency to the user device using the

beam steering configuration and the antenna array.

10008] The location information may be a direction and determining location
information may comprise receiving the first message at two antennag in

SUCCESSION.

10009] in an embodiment according to the invention, the one or more
processors further may be configured o wait for a pericd in excess of a hysteresis
window before transmitting the second message on the WIiF frequency, the
hysteresis window may correspond to a transition from TVWS to WIF] capabilities on

one or more chips and one or more anfennas.

0010} The location information may be a position retrieved from a TVWS
database.
0011} In an embodiment according to the invention, an access point further

may comprise a second antenna configured to provide omnidirectional wireless
communication, wherein a range of the second antenna may be more than

approximately twenty percent of a range of the first antenna.

10012] A range of the antenna array may be at least 90 percent of the range of
the first antenna.

10013] in an embodiment according to the invention, a method further may

comprise:

receiving uplink communications from the user device exclusively on TVWS

freguencies; and
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sending downlink communications to the user device exclusively on WIFI

frequencies using the beam-steering configuration.

10014} in an embodiment according to the invention, a user communications

device may comprise:
at least one processor;

at least one memory comprising instructions configured 10 cause the at least one
processor to perform a method comprising:

providing location information 1o an access point using a TVWS frequency; and

receiving a beam-steered communication using a Wik frequency based upon the

location information.

10015] in an embodiment according to the invention, a user communications
device further may comprise an array configured to provide beam-steered
communication using the Wikl frequency and an omnidirectional antenna configured

to provide communication using the TVWS frequency.

{0016} The lecation information may be a position refrigved from a geolocation
database.
(0017} The location information may comprise a unigue identifier associated

with the user communications device.

10018} in an embodiment according to the invention, a method further may

comprise:

sending uplink communications {0 the access point exclusively on TVWS

freguencies; and

receiving downlink communications from the access point exclusively on Wik

frequencies using the beam-steering configuration.

10019] The downlink communications may comprise CSMA/CA signaling and
channel control data.

{00207 in an embodiment according o the invention a computer-implemented
method may comprise:

receiving a first message from a user device using a TVWS frequency;
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determining location information associated with the user device;
determining & beam-steering configuration based upon the location information; and

transmitting a second message using a Wik frequency to the user device using the
beam steering configuration.

10021} The location information may be a direction and determining location
information may comprise receiving the first message at two antennag in

SUCCESSION.

100221 in an embodiment according to the invention a computer-implemented
method further may comprise wailing for a period in excess of a hysteresis window
before transmitting the second message on the WIiF frequency, the hysteresis
window may corresponde [0 a transition from TVWS to WIF capabilities on one or
more ¢hips and one or more antennas.

§0023] The location information may be a position retrieved from a TVWS
database.
10024] In an embodiment according to the invention a computer-implementead

method further may comprise

receiving uplink communications from the user device exclusively on TVWS
frequencies,; and

sending downlink communications o the user device exclusively on WiFI

frequencies using the beam-steering configuration.

[0025] in an embodiment according 1o the invention a2 computer-implemaented
method further may comprise:

fransmitting CSMA/CA signaling and channel conirol data using the beam-steering
configuration.

10026] in an embodiment according o the invention, one or more computer-
readable non-transitory storage media may embody software that is operable when
executed io perform a method according to the invention or any of the above
mentioned embodiments.

10027] in an embodiment according o the invention, a system may comprise:
one or more processors; and at least one memory coupled to the processors and

comprising instructions executable by the processors, the processors operable when
3
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executing the instructions to perform a method according to the invention or any of

the above mentioned embodimants.

10028} in an embodiment according {o the invention, a computer program
oroduct, preferably comprising a computer-readable non-transitory storage media,
may be operable when executed on a data processing system {o perform a method
according to the invention or any of the above mentioned embodiments.

BRIEF DESCRIFTION OF THE DRAWINGS

10029] The embodiments introduced here may be belter understood by
referring to the following Detailed Description in conjunction with the accompanying
drawings, in which like reference numerals indicate identical or funclionally similar

eclemenis:

10030} FiG. 1 is a block diagram illustrating a topology Tor a dual WIFH TVWS
access point and various dual WIF / TVWS devices as may occur in some

embodiments;

[0031] FIG. 2 is a block disgram Hlustrating various components from the
topology of FIG. 1, wherein a user device and an access point engage in 8 TVWS

exchange as may occur in some embodiments;

{0032] FIG. 3 is & block diagram Hilustrating the topology of FIG. 1, wherein an
access point provides directional WI- coverage to a user device as may occur in

some embodimenis;

$0033] FIG. 4 is a block diagram Hlustrating various components from the
topology of FIG. 1, wherein an access point empioys beam steering o provide
directional WIF| coverage to a plurality of user devices as may occur in some

embodiments;

[0034] FIG. 5 is a block disgram Hlustrating various components from the
topology of FiG. 1, wherein an access point employs beam steering and beam
forming to provide directional WIF] coverage 1o a plurality of user devices as may

ocour in some embodimenis;

10035] FiG. 6A 8 a block diagram Hlustrating the relative coverage of
2.4GHz/5GHz (WIFD ve 500MHz (TVWS) channels with one or more omnidirectional

wireless antennas as may occur in some embodiments; FIG. 68 is a block diagram
6
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iflustrating the relalive coverage of a directional 2.4GHz signal vs an omnidirectional
S00MHz signal as may accur in some embodiments;

10036} FIG. 7 18 a high level block diagram illustrating an example network
topology providing uplink and downlink functionality on each of the WiFl and TVWS

mediums as may occur in some embodiments;

10037} FIG. 8 is a flow diagram illustrating a process for managing incoming

user devices at an access point as may cccur in some embodiments;

{0038} FIG. 8 is a flow diagram illustrating a process for directionally and
omnidirectionally managing user devices al an access point as may occur in some
embodiments;

§0039] FIG. 10 is & frequency diagram illustrating a downcoversion for
converting from 802.11ac to 802.11af {unclionality as may occur in some
embodiments;

10040} FIG. 11 is a table ilustrating theoretical data rates for 802.11ac with a
20-40MHz channel, SISO as may be relevant in some embodiments;

100417 FIG. 12 is a table illustrating theoretical data rates for 802.11af with a ©,
7, 8MHz channel, SISO as may be relevani in some embodimenis;

(0042} FIG. 13 is a table lllustrating rate relations for various SINR and modes
as may occur in some embodiments;

10043] FIG. 14 is a flow diagram illustrating a process for rate scaling as may
be implemented in some embodiments; and

10044] FIG. 15 is a block diagram illusirating a computer system as may be

used to implement features of some of the embodiments.

{0045} While the flow and seguence diagrams presented herein show an
organization designed (o make them more comprehensible by a human reader,
those skilled in the art will appreciate that actual data structures used {o store this
information may differ from what is shown, in that they, for example, may be
organized in a different manner; may contain more or [ess information than shown;

may be compressed and/or encrypied; sic.

10048] The headings provided hergin are for convenience only and do not

necessarily affect the scope or meaning of the embodiments. Further, the drawings
7
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have not necessarily been drawn {0 scale. For example, the dimensions of some of
the elemenis in the figures may be expanded or reduced o help improve the
understanding of the embodiments. Similarly, some components and/or operations
may be separated inlo different blocks or combined into a single biock for the
purposes of discussion of some of the embodiments.  Moreover, although the
various embodiments are amenable to vanious modifications and alternative forms,
specific embodiments have been shown by way of example in the drawings and are
described in delail below. The intention, however, is not o limit the particular
embodiments described.

DETAILED DESCRIPTION

[0047] TV White Space (TVWS) frequencies more gasily penetrate physical
objects and facilitate communication over longer distances than Industrial Scientific
and Medical (ISM} frequencies, e.g., as are used in WIFT communications.
However, TVWS frequencies generally accommuodate less bandwidth than IGM
frequencies. Various of the disclosed embodimenis segregate communications
between a base station access point and a user device o take advantage of each
freguency band’s benefits. Particularly, universal broadcasts to client devices, low
throughput communications {e.q., uplink communications from the user device 1o the
access point), and initial user device detection may be accomplished using
omnidirectional TVWS broadcasts. In contrast, bandwidth intensive communications
{&.g., downlink communications from the access point {o the user device) may be
handied with directional, beam-steered WIFI channels {e.g., WIFI communicating
antennas which interfere with one another so as to creatle directional gain}. The
base station may coordinate steering based upon user device information, such as
iocation information. Improvements for beam forming, packel handling at the base
station, and device association with the directional communications are also
considered.

10048} Various examples of the disclosed embodiments will now be described
in further detail. The following description provides specific details for a thorough
understanding and enabling description of these examples. One skilied in the

relevant art will understand, however, that the embodiments discussed herein may
8
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be practiced without many of these delails. Likewise, one skilled in the relevant art
will also understand that the embodiments can include many other obvious features
not described in detall herein.  Additionaily, some well-known structures or functions
may not be shown or described in detall below, so as to avoid unnecessarily
obscuring the relevant description.

10049] The terminology used below i3 1o be interpreted in its Dbroadest
reasonable manner, even though it is being used in conjunclion with a detailed
description of certain specific examples of the embodiments. Indeed, certain terms
may even be emphasized below; however, any terminology intended to be
interpreted in any restricted manner will be overtly and specifically defined as such in
this section.

Overview - Example Topoiogy

$0050] Much of the TVWS spectrum may be presently unused. For example, in
the United States portions of the speactrum for TV below 700MHz are still available
and are not officially associated with any particular application. In some instances,
the channels in this portion may be 6MHz wide.

[0051] The 802.11af and 802.22 standards propose transmitting data in this
available spectrum.  In some proposed implementations of these standards, a
device would sense the unoccupied channels and aliccate those for use. A
database {&.g., a geodaiabase} may be used 10 consclidate and irack user device
locations and channel availability.

10052] Device-based chipsets may provide operation in the TVWS range in the
near future.  These systems may add TVWS functionality to an existing WiFI
chipset {e.g., they may implement aspects of 802.11af). For example, these
chipsets may use TVWS as a fallback when WIF! coverage degrades. TVWS may
facilitate this fallback as TVWS achieves a much larger range (e.g., lower

frequencies which can permeate walls).

10053] FIG. 1 is a block diagram lustrating a topology between a dual Wi/
TVWS access point and various dual WIFH / TVWS devices as may occur in some
embodiments {one will recognize that the “access point” as referred o herein, may

9
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be a base station, an eNodeBl, elc.). Mobile user devices 120a,b and stationary
devices 115a.b may seek to connect with an access point 105 e.g., o communicate
across a network 125 (such as the Internet} with third party servers 130a-c.
However, while devices 1208a and 115a are within the access point's 1058 WIiF! range
140b the devices 118b and 120b may be beyond the WIFI range 140b (e,g, device
120b may have a Wikl range 140a which is too small o acguire a signal from the
access point 188). The devices 118b and 128b are still within the TVWS range
138b of the access point 145 though (likewise, the access point 105 may be within
the TVWS range 140a of the device 120b). Accordingly, various embodimenis
perform initial communications {e.g., the access point's discovery of the user
device’s existence)} using TVWS. While the access point's omnidirectional WiFI
range may not exiend {0 the user devices 128b and 115b the access point 185 may
inciude an antenna array 110 facilifaling focused beam steering and/or beam
forming in the WIFI band (some embodiments may alse empioy multiple antennae
for the TVWS bands).

10054] FIG. 2 is a block diagram Hliustrating various components from the
topology of FIG. 1, wherein a user device and an access point engage in a TVWS
exchange as may occur in some embadiments. In FIG. 2 a user device 120k and an
access point 108 engage in a TVWS exchange. In some embodiments, the access
point may detect the exisience of the user device on the TVWS channel, eqg.,
altthough the user device 120b emits omnidirectional TVWS packets (or vice versa
while the access point 185 emits TVWS packets). The user device 128b may
convey information regarding the user device's location o the access point via the
TVWSE packels. Allermnalively, the access point may be able o access a
gecdatabase with the user device's approximale location based on the TVWS
packet {8.g., a serve device 130b). FiG. 3 is a block diagram Hlustrating the
topology of FIG. 1, wherein an access point provides directional Wik coverage to a
user device as may ocour in some embodimenis.  For example, following the
detection of the user device 120b the access point 105 may use the antenna array
110 {0 steer a directional beam 385 in the Wikl channel 1o the user device 120b.
Traffic intensive communications {e.g., applications that exchange a large volume of
data) may occur on this directional beam while lower priority communications can

oceur on the omnidirectional TVWS channeal.

10
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{0055] FIG. 4 is a block diagram Hlustrating various components from the
topology of FIG. 1, wherein an access point empioys beam steering o provide
directional WIF| coverage to a plurality of user devices as may occur in some
embodiments. For example, the access point 185 has steered the beam 405 from
user device 128b to user device 120c¢. Directional coverage may be actively
provided to each user device in succession {e.g., the access point may iterate
through the known user devices and provide receplivity throughout the entire range
410}

{0056] FIG. 5 is a block diagram illustrating various componenis from the
topology of FIG. 1, wherein an access point 105 employs beam steering and
beamforming to provide directional WiF! coverage 1o a plurality of user devices as
may occur in some embodiments.  Particularly, some embodiments may employ
both beamforming and beam steering to oplimize reception at various user devices,
A narrower, further-reaching beam 510 may be applied to communicate with user
device 120¢, but a wider, more proximate beam 535 may be used to communicate
with device 120b. Bsam forming may be applied 1o avoid interference belween
neighboring user devices. In some embodiments, the Wikl beamiormed range may
be commensurate with the TVWS range, while in other embodiments the Wikl beam
formed range may precede or reach beyvond the TVWS range. Though depicted
here simultaneocusly, one will recognize that the beams 505 and 510 may occur at

different times {e.g., they may be formed in succession by the array 118).

Relative Coverage

{0057] FIG. 6A illustrates the relative coverage of 2.4GHz/6GHz (WIFD vs
500MHz (TVWS) channels with one or more omnidirectional wireless antennas as
may occur in some embodiments.  Circle 805 reflects an example TVWS range
about an access point which may be via a 4dBi omnidirectional antenna operating at
500MHz. Circle 810 reflects an example range of a 4dBi omnidirectional antenna
operating at 54GHz. Circle 620a reflects an example range of an 18dBi
omnidirectional antenna operating at 24 GHz As indicated, the range
corresponding to circle §20a is 2.1 times the range corresponding to circle 618

1§
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Similarly, the circle 805 corresponds to a range roughly 10 times the range
corresponding o circle §18.

10058] Some embodiments employ Broadcocom®'s and/or MediaTek®'s 2016
trivand chips to cover TVWS functionalily as described herein.  Embodiments may
enable WIF! to beam-steer high bandwidth signals within a large ad-hoc celi. Some
embodiments may provide almost 100% reduction in Carrier Sense Multiple Access
{CSMAYCA overhead which reduces throughput and can cause congestion collapse
{e.g., if too many WIFI user devices are in a network). Thus, a TVWE connection
between a user device and an access point may be used for: uplink signals; new
user device discovery; geo-localing user devices; closing the link for broadcast
messages and Reguest-To-Send/Clear-To-Bend (RTS/CTS) messages from user
devices; handling CSMA/CA signaling; elc.

§0059] FIG. 6B illustrates the relalive coverage of a directional 2.4GHz/5GHz
signal vs an omnidirectional 500MHz signal as may occur in some embodiments.
Directional coverage 620b may reflect an 18dBi gain for 2.4GHz directional signal as
achieved using, e.g., an antenna array in some embodiments. If a user device i3
iocated in the region 825, outside the TVWS range of circle 605, it may be
undetected by the access point until the beam associated with directional coverage
820b is steered in its direction. It may be the case that signals cannot be
transmitted from the user device (o the access point at this distance {e.g., as the
2.4GHz signal received at the access point is below the noise floor).

10060} Some omnidirectional WIFI systems use CSMA/CA with multiple nodes.
However, multiple nodes with direclional antennas may present a situation where
the antennas are unable o sense one another.  In these situations, CSMA may not
work as well as desired {e.g., collisions may occur but the devices controlling the
antennas will remain unaware of the other aniennas’ existence). By using
directional transmissions, €.g., using beam sieering, these issues may be mitigated.
TVWS, because of its increased range, may insiead employ an omnidirectional
antenna and thereby apply CSMA without these difficulties.

Network Topology
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10061] FIG. 7 is a high level block disgram illustrating an example network
topology providing uplink {from the client devices to the access point) and downlink
{from the access point {0 the client devices) functionality on each of the WIF! and
TVWS mediums as may occur in some embodiments. An access point 716 may
communicate with moving vehicles 705¢, various user devices 705b, and stationary
residence devices 705a, 705d. Though depicted here as providing bidirectional
communication on each of the TVWS and WIiF! channels, one will recognize that in
some embodiments anly one-directional communication (io or from the access point

710} may be possible on some channels in some instances.

10062} With regard to the 2.4/5GHz WIiF! downlinks, the WIFI downlinks may
be directional {&.g., using beam steering} and may transmit the bulk of data with high
throughput rates available due to large channel bandwidths at 5GHz or 24GHz
The WIFI downlink need not be CEMA/CA in some embodiments, but can default o
a more general Time Division Multiple Access (TDMA) scheme, e.g., without
collision avoidance or carrier sensing. The beamforming o the user devices may be
based on the initial location fix derived from TVWS geo-location reported data.
Further with regard {0 the wireless downlink, rather than simply partition one band for
downlink and one band for uplink, some embodiments partition based upon Quslity
of Service {QoS) requirements. High throughput data with {arguably) slower latency
requirements may be communicated using the 2.4GHz/5GHz channels. Low
throughput data with faster latency requirements may use the TVWS channels. For
example, in some embodiments, all the uplink operations and all other CSMA/CA
control signaling may occur on the TVWS channels as these operations are
generally lower throughput. The WIF! uplink may be unused or may be used o
perform a pericdic carrier sense of external interference {(e.g., from other access
pOINts).

100863} With regard o the TVWS downlink, the downlink may broadcast
CSMA/CA signaling and channel control features including BTS ACKs and
RTS/CTS.  With regard to the TVWS uplink, the uplink may transmit lower
bandwidth uplink data with lower throughput rates as the channel bandwidths may
be smailer. The uplink may carry all signaling required by MAC, e.g.; ACKs from a
user device to acknowledge downlink data received; RTS/CTS; etc. The TVWS
uplink may follow all CSMAJ/CA back-offs required by MAC, e.g. waiting/sensing

13
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during DIFS, random/exponential back-off intervals; listens to beacons from new

user devices, elc.

Example Incoming User Device Management Process

10064] FIG. 8 is a flow diagram illustrating a process for managing incoming
user devices at an access point as may occur in some embodiments. At block 805,
the access point system may recognize a new user device via TVWS. I a new user
has not been delected, the access point may manage existing directional and non-
directional clients at block 810 {e.g., via standard omnidirectional 802.11a¢/802.11af
operations supplemented with occasional beam-steered transmissions, depending
upon the client device’s location).

{0065] if a new user is delected al block 815, the system may determine
whether the user device’s location can be ascertained from the TVWS data at block
820 {e.g., from the packet contents itself, or by reference 1o a geodatabase). i the
user's location cannot be inferred based on the TVWS data at block 815, at block
825 the system may seek o asceriain the user device's location based on the
amplitude/receiver directionality (e.g., if multiple TVWS antennas are available, the
systern may seek {o determine the directionality by comparing the arrival times of the
signals and the distance to the user based on the received amplitude). If the user
iocation can be detected based on the TVWS receiver directionality, the system may
infer the user's location at block 838.

{0066] it the user's location was identified and found suitable for directional
communication at block 8358 {e.g., being within range of directional WIF, having a
sufficiently precise location determination, efc.} the system may designate the new
client as being suitable for directional communication at block 848. Al block 845, the
system may determine the appropriate beam steeringfforming parameters for the
new device based upon its location and/or the location of other user devices in the

area.

100867} If the new user device's location could not be established, some

embodiments may seek o determine if omnidirectional WIFT communication will

suffice for the new user device at block 850. I the new device is within

omnidirectional range, then WIF! communication may be used at block 860. In
14
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contrast, communication with the device may continue exclusively on TVWS at block
855. The user device may then be initiated into the network at block 885, The new
device’s designation may be periodically reassessed during the management of
existing devices within the network at block 810.

Example Directionality Management Process

10068} FIG. @ is a flow diagram illustrating a process for directionally and
omnidirectionally managing user devices al an access point as may ocour in some
embodiments. Al block 985, the system may handle omnidirectional clients {e.g.,
communicating with them on the omnidirectional WIF! network in accordance with
an Ethernet protocol). If there are directional clients io handle at block 818, the
system may consider the next directional client at block 815 and perform begam
steering to that client at block 820, If desired, in some embodiments beamforming
may also be performed at block 828 {e.g., 10 avoid interference with nearby user
devices or access points). At block 830, the downlink communication from the
access point to the user device across the directional Wi signal may be performed.
it the uplink client data reflects a new positon at block 835 the system may adjust
the corresponding beamn steering/formation at block 848 based on the new relalive
position. One will recognize that the adjustments based upon the uplink data may
occur before each beam steering/forming in some embodiments.  In some
embodiments, the adjustments may occur without regard to the uplink data, e.g.,
based on changes in the environment, new data in a geodatabase, changes in
bandwidth demand, eic.

Chipsel Repurposing

{0069] As mentionad herein, some use a chipset that provides both WIF and
TVWS capabilities, or multiple chipsets providing individual Wi and TVWS
abilities.  However, various embodiments instead seek 1o repurpose an existing
Wiki/radio chipset {e.g., one providing only WiF| capabilities) to operate at a lower
spectrum area, such as at TVWS. Various embodiments consider accomplishing
this in different schemes.
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Chipasel Repurposing - Exampie Scheme 1 - Downconversion

10070} in some embodiments, a chipsel designed for only WiFI functionality is
used o downconvert the signal. This may maintain signal bandwidth, but provide a
different carrier frequency {e.g., shifting the carrier frequency down to 500 Mhz but
also narrowing the signal down by downclocking at the modulator), Some
embodiments sample within the frequency domain o narrow the channel carriers to
eMhz chunks and then move the chunks down to lower freguencies. Some
embodiments perform channel bonding {(e.g., combining antenna interfaces to
improve throughput). Multiple channel carriers may be used for bonding, e.g., one
may bond adjacent channel carriers or aggregate across bands.

0071} FIG, 10 is & frequency diagram showing a downconversion for
converting from 802.11ac to 802.11af funclionality as may occur in some
embodiments. Some embodiments implement aspects of 802.11af functionality
using an 802.11ac 40MHz channel PHY, down-clocked by 7.5%. This may generate
BhMHz, 7MHz or 8MHz channels, with about 7.5x longer symbol/Gl duration. The
spectral efficiency between the two may be similar as in 802.11ac (though it may be
slightly less in some instances due o longer symbal times). However dala rates
may scale down accordingly (e.g., due to smaller channel bandwidths).

10072] When transitioning from 802.11ac o 802.11af, the 144 carriers may be
more widely separated. Subcarrier separalion may decrease, bul the symbol
duration/guard interval may increase {(e.q., from 800ns to 6us). Spectral efficiency
may decrease {(e.g., ~ 12%) and the channel bandwidth may also decrease {e.g,,
from 40MHz {0 oMMz}, The dala rate may scale linearly with channel bandwidth.
Accordingly, the traffic aliocations between the 2.4Ghz/5Ghz and TVWS channels
may consider these differing paramelers.

10073] 802.11af may provide spectrum sharing by implementing a geolocation
database {e.g., within 50m of actual location) and/or spectrum sensing. 802.11af
may support channel bonding up to 4W, or 2W+2W (where W = 6MHz 1o 8 MHz
based on TV channel width in region). FIG. 11 is a table illustrating theoretical data
rates for 802.11ac with a 20-40MHz channel, SIS0 as may be relevant in some
embodiments. FIG. 12 is a table illustrating theoretical data rates for 802.11at with a
6, 7, 8MHz channel, SISO as may be relevant in some embodiments.
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Chipse! Repurposing - Exampie Scheme 2 - Mulli-Input-Multi-Ouiput (MIMO)

10074] 802.11af may also support MIMO transmissions {(up t©o 4 spatial
streams). Thus, some embadiments have up o 4 spatial streams o mulliply the
bandwidth by 4. WIFL, having higher throughput than TVWS, may be used for a
data-intensive downlink {e.g., when a user sireams videos) while a lower
throughput/bandwidth uplink from the user device o the access point may use
TVWS (e.q., using a dual-mode chipset). Some embodiments may run a Qod
assessment o determine which to use — WIFL or TVWES. TVWS may provide
considerable physical range and so may be better suited for some tasks than WIFL

Signal-To-Interference-FPlus-Noise {(SINR) Table

{00751 FIG. 13 is a table llustrating rate relations for various SINR and modes
as may occur in some embodiments. Provided an SINR, the system can choose a
corresponding rate from the rate table. A contention ratio of the channel either in
TVWES or WIFE may be faclored in, and the maximum achievable rate may be
chosen based thereon. The SINR measurement method and rate table format may
be hardware specific. For example, they may be based on the implementation of
the chipset designer to achieve some desired performance level

Access Point Capability

100786} The access point may have one or more TVWES transceivers {(500MHz -
700MHz) and one or mare Wi transceivers (2.4GHz and 5GHz).

User Eguipment (UE) Capability

0077} UE capabilities (L.e., user device capabilities) may be determined by the
access point basead upon whether WiFT alone, or WiF and TVWS operations are to
be performed.

UE Capability - WIFI Only

f—y
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$0078] Operation by the access point on at least one WIFI channels may be a
minimum  capability required in some embodiments.  For highest backward
compatibility, 2.4GHz Wi-Fi may be assumed and referred to herein as 802.11ac,
though 802.11a/bl/g/n may also be included in some embodiments.

UE Capsability - WIF Only - Access Point Configuration #1

{0079] in these embodiments, the 2.4GHz transceiver may be dedicated o
oreforming standard 802.11ac Wi-Fi with clienis in this network.  Not all
embodiments employ 2.4GHz, but may insiead use 5GHz. Some embodiments may
use both 2.4GHz and 5GHz channels.

UE Capability - WiFl and TVWS

10080} in some embodiments, the Uk may be capable of 2.4GHz, 5GHz, and
TVWS (802.11af) operation. The chipsef may be a tri-band covering these 3
spectrum bands.

UE Capability - WiFL and TVWS - Access Point Confiquration #2

10081} Normal 802.11ac Wi-Fi on 2.4GHz and 5GHz may be empioyed in this
configuration while the data-rates exceed that of 802.11af {for exampie when the
client is very close to the BTS). 802.11af may instead be applied when the data-
rates of 802.11af exceed that of 802.11ac {for example when the client is far away
from the BTS). FIG. 14 is a flow diagram #iustrating a process for rate scaling as
may occur in some embodimenis. A hysteresis window may be employed as
indicated at the access point to prevent “ping-ponging” between TVWS and Wik
configurations in some embodiments (e.g., switching more frequently than desired
between the standards when the data raies on TVWS and WIiFl are roughly the
same). Rather than apply a hysteresis condition, TVWS or WIF may be
preferentially selected as a default when the rates are commensurate, absent
congestion. Some embodiments implement the disclosed features as a logical
implementation of the MAC layer by fri-band TVWS chip vendors. Various
embodiments may be backward compatible with Configuration #1.

IR



ig

20

30

WO 2016/089908 PCT/US2015/063255

0082} in this example process, at block 14485 the system may measure the
WiF! and TVWS signal to noise ratio (SINR) and may also detect any possible
channel contentions. At block 1418 the sysiem may then access the rate table
based upon the delermingd SINE and channel contentions (o determine an
appropriate rate. If the highest available rate, as delermined from the table, is for
WIF! at block 1415 then the systemn may determine if the hysteresis window has
been surpassed at block 1448, H so, WIFI may be used at block 1445 with periadic
TVWS assessments throughout the duration of the communication sassion.

f0083] if instead it was determined at block 1415 that TVWS provided the best
possible rate, the system may then determine at block 1420 whether WIF beam
steering is available (in some embodiments beam steering quality may be assessed
at this stage o determine if steering is appropriate). If steering is available /
approprigte then at block 1425 the access point may apply beam sigering fo
communicate with the client. In contrast, if beam steering is unavailable / insufficient
then the system may delerming if the hysteresis window was exited at block 1430, If
so, then TVWS may be used at block 1435 with periodic WIH assessments

throughout the duration of the communication session.

UE Capshility - WIF and TVWS - Access Point Conficuration #3

10084] Distinct from time division duplex (TDD) communications which may
employed in the above two access point configurations, some embodiments
implement a frequency division duplex {(FDD} communication mechanism. TVWS
frequencies may be used for some specific functions and the 2.4GHz and 5GHz
frequencies may be used for a complementary set of functions.  The allocation of
funclions to spectrum frequency bands may be adapted based upon circumstances
and may not be completely distinct. For clarification, 2.4GHz and 5GHz frequencias

5

may be referred {0 herein as "high bands” and the TVWS frequencies may be

referred to as the "low bands”.

{0085] In one possible allocation of funclions to frequency bands at the access
point, the low band may implement normal 802.11 CSMA/CA Media Access Control
{(MAC) functionality. These “control” functions may include all the mechanisms
required for channel access control (ACKs, back-offs, RTS/CTS, elc.).
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10086] The high bands may implement a modified TOMA MAC. This MAC may
not use carrier sense and collision avoidance or pre-scheduied {(deterministic} time-
slots. Instead, the MAC may obey the "control” information conveyed to it from the
low band to take care of all intra-cell contention. For inter-cell contention
{interference with other networks), the high band transceivers may periodically stop
transmission o sense inference from oulside networks and may change to an

interference-free channel or revert to Configuration #2.

10087] in order to increase the range of the high bands, the access point may
use a directional antenna for the high band transceivers. This antenna may employ
a traditional phased array to achieve antenna gain in specific desired directions.
Deterministic beam-sieering of the antenna array may permit antenna gain in the
direction of any desired UE. In this case, the RF signals from mulliple antennas may
be combined prior to the Analog-to-Digital Conversion (ADC}, in order to achieve the
antenna gain in the desired direction. Multiple transmit/receive chains can also be
employed {e.g., in which the signals are combined after the ADC) to achieve SINR
gain {e.g., via digital signal processing beamforming) or capacity gain {8.g., via
MIMO).

10088} In some embodimenis, if there is a mixiure of user devices on the
network that do and do not have TVWS capabilities: a) For the user devices without
TVWES fransceivers, the system may follow Configuration #1 in which {most
generally} the 2.4GHz transceiver may be used for normal TDD Wi-F b) For the
user devices with TVWS transceivers, the 5GHz transceiver may be used for FDD
communications discussed herein (in this case "high bands” refers to 5GHz
spectrum only).

10089} The antennas at the user devices may be omnidirectional or directional.
In some embodiments, when a new client joins the network, the process may follow
the normal WIFI MAC protocol {e.g., over low band frequencies). f a client is out of
range of the low band frequencies, then the client cannot join the network. The
client may provide the access point geo-location information whean joining the
network or may refer the access point o a grolocation database {g..g, by providing a
unigue identifier). A client's knowledge of its geo-location is a prerequisite of using
TVWE spectrum in some embodiments. This information may be repurposed in
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some embodiments to sieer a high band radiation pattern beam toward the client's
gea-tocation.

10090} Various other possible allocation of functions to frequency bands are
consistent with this network topology and infrastructure. For example, functions can
be allocated to the low band and high band dynamically, using some predetermined
figure of merit. FIG. 14 shows an example where that figure of merit is SINR,
however, it could also be other channel guality indicators that are currently employed
in the WiFI MAC, or some higher layer measurements, such as total throughput,

Compuler System

10091] FIG. 15 is a block diagram illustrating a computer system as may be
used to implement features of some of the embodiments. The computing system
1500 may include one or more central processing units ("processors”) 1505,
memory 1510, inputioutput devices 15825 (e.g., keyboard and pointing devices,
display devices), storage devices 1520 {e.g., disk drives), and network adapters
1530 (e.g., nelwork interfaces) that are connected to an interconnect 1815, The
interconnect 15158 is llustrated as an abstraction that represents any one or more
separate physical buses, point to point connections, or both connected by
appropriate bridges, adapters, or controllers. The interconnect 1515, therefore, may
include, for example, a system bus, a Peripheral Component Interconnect (PCH bus
or PCI-Express bus, & HyperTransport or industry standard architecture (ISA) bus, a
small computer system interface (SCSI) bus, a universal serial bug (USRB), HC (12C)
bus, or an Institute of Electrical and Electronics Engineers {(IEEE) standard 1384
bus, also called "Firewire”.

{00921 The memory 1518 and storage devices 1520 are computer-readable
storage media that may store instructions that implement at least portions of the
various embodiments. In addition, the data structures and meassage structures may
be stored or transmilled via a data transmission medium, eg., a signal on a
communications link., Various communications links may be used, e.g., the internet,
a local area network, a wide area nelwork, or a poini-to-point dial-up connection.
Thus, computer readable media can include computer-readable storage media {e.q.,

"non transitory” media) and computer-readable transmission media.
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$0093] The instructions stored in memory 15818 can be implemented as
sofiware and/or firmware to program the processor{s) 1508 to carry oul actions
described above. In some embodiments, such software or firmware may be initially
provided to the processing system 1500 by downloading it from a remote system
through the computing system 1580 {e.g., via network adapter 1830},

10094} The various embodimenis introduced hergin can be implemented by, for
example, programmable circuitry (.4, One Or MOore microprocessors) programmed
with software and/or firmware, or enfirely in special-purpose hardwired (non-
programmable} circuitry, or in 2 combination of such forms.  Special-purpose
hardwired circuitry may be in the form of, for example, one or more ASICs, PLDs,
FPGAS, ete.

Remarks

{0095] The above description and drawings are illustrative and are not (o be
construed as limiting. Numerous specific details are described o provide a thorough
understanding of the disclosure. However, in certain instances, well-known details
are not described in order to avoid obscuring the description.  Further, various
modifications may be made without deviating from the scope of the embodiments.

{0036} Reference in this specification o "one embodiment” or "an embodiment”
means that a particular feature, structure, or characteristic described in connection
with the embodiment is included in at least one embodiment of the disclosure. The
appearances of the phrase "in one embodiment” in various places in the
specitication are not necessarily all referring o the same embodiment, nor are
separate or altermnative embodiments mutually exclusive of other embodiments.
Moreover, various features are described which may be exhibited by some
embodiments and not by others. Similarly, various requirements are described which

may be requirements for some embaodiments but not for other embodiments.

{0097} The terms used in this specification generally have their ordinary
meanings in the art, within the context of the disclosure, and in the specific context
where each term is used. Certain terms that are used to describe the disclosure are
discussed below, or elsewhere in the specification, to provide additional guidance to
the practitioner regarding the description of the disclosure. For convenience, ceriain
terms may be highlighted, for example using italics and/or gquotation marks. The use
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of highlighting has no influence on the scope and meaning of a term; the scope and
meaning of a term is the same, in the same context, whether or not it is highlighted.
it will be appreciated that the same thing can be said in more than one way. Ong
will recognize that "memory” is one form of a "storage” and that the terms may on

occasion be used interchangeably.

10098] Consequently, alternative language and synonyms may be used for any
one or more of the terms discussed herein, nor is any special significance o be
ptaced upon whether or not a term is elaborated or discussed herein. Synonyms for
certain terms are provided. A recital of one or more synonyms does not exclude the
use of other synonyms. The use of examples anywhere in this specification including
examples of any term discussed herein is illustrative only, and is not intended o
further limit the scope and meaning of the disclosure or of any exempiified term.
Likewigse, the disclosure is not limited to various embodiments given in this

specification,

{0089] Without intent to further limit the scope of the disciosure, examples of
nstruments, apparatus, methods and their related results according o the
embodiments of the present disclosure are given above. Note that titles or subltitles
may be used in the examplas for convenience of a reader, which in no way should
imit the scope of the disclosure. Unless otherwise defined, all technical and
scientific terms used hergin have the same meaning as commonly understood by
one of ordinary skill in the art to which this disclosure pertaing. In the case of

contlict, the present document, including definitions will control.
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CLAIMS

We claim:

1. An access point, comprising:
a first antenna configured for transmission using a Television White
Space (TVWS) freguency;
an antenna array configured for directional transmission on a Wik
freguency; and
one or more processors contigured to:
receive a first message from a user device using a TVWS
frequancy;
determing location information associated with the user device;
determine a8 Dbeam-sieering configuration based upon the
iocation information; and
fransmit a second message on the Wikl frequency to the user
device using the beam steering configuration and the anienna array.

2. The access point of Claim 1, wherein the location information is a
direction and determining location information comprises receiving the first message

at two antennae in succession.

3. The access point of Claim 1, the one or more processors further
configured to wail for a period in excess of a hysteresis window before transmitting
the second message on the Wikl frequency, the hysteresis window corresponding to
a transition from TVWS to WIF! capabilities on one or more chips and one or more

antennas.

4. The access point of Claim 1, wherein the location information is a
position retrieved from a TVWS database.

5. The access point of Claim 1, further comprising a second antenna

contiguraed o provide omnidirectional wireless communication, wheregin a range of
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the second antenna is more than approximately twenty percent of a range of the first

antenna.

6. The access point of Claim 1, wherein a range of the antenna array is at
least 80 percent of the range of the first antenna.

7. The access point of Claim 1, the method further comprising:

receiving uplink communications from the user device exclusively on
TVWS frequencies; and

sending downlink communications to the user device exclusively on
WiF! frequencies using the beam-steering configuration.

8. A user communications device, comprising:
at least one processor;
at least one memory comprising instructions configured 1o cause the at
least one processor to perform a method comprising:
providing location information {0 an access point using a TVWS
freguency; and
receiving 8 Dbeam-steered communication using a WIiF

freguency based upon the location information.

9. The user communications device of Claim 8, further comprising an
array configured to provide beam-steered communication using the WIFI frequency
and an omnidirectional antenna configured to provide communication using the
TVWS frequency.

10.  The user communications device of Claim &, whearein the locstion
information is a position retrieved from a geolocation database.

11.  The user communications device of Claim 8, wherein the location
information comprises a unique identifier associated with the user communications

device.
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12. The user communications device of Claim 8, the method further
comprising:
sending uplink communications o the access point exciusively on
TYWS frequencies; and
receiving downiink communications from the access point exclusively

on WIF! frequencies using the beam-steering configuration.

13. The user communications device of Claim 12, wherein the downlink
communications comprise CSMA/CA signaling and channel control data.

14. A computer-implemenied method, comprising:
receiving a first message from a user device using a TVWS frequency;
determining location information associated with the user device;
determining a beam-sigering configuration based upon the location
information; and
transmitting a second message using a WIFI frequency to the user
device using the beam steering configuration.

15,  The computer-implemented method of Claim 14, wherein the locatlion
information is a direction and determining location information comprises receiving

the first message at two aniennae in succession.

16. The computer-implemented method of Claim 14, further comprising
waiting for a period in excess of a hysteresis window before transmitting the second
message on the Wik frequency, the hysteresis window corresponding to a fransition
from TVYWS {o WIFI capabilities on one or more chips and one or more antennas.

17.  The computer-implemented method of Claim 14, wherein the location
information is a position retrieved from a TVWS database.

18. The computer-implemenied method of Claim 14, the method further
COMPrising:
receiving uplink communications from the user device exclusively on
TVWS frequencies; and
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sending downlink communications o the user device exclusively on

WiFI frequencies using the beam-steering configuration.

19. The computer-implemented method of Claim 14, the method further
COMprising:
transmitting CSMA/CA signaling and channel control data using the

beam-steering configuration.

20, An access point, comprising:
a first antenna configured for transmission using a Television White
Space (TYWS) frequency;
an antenna array configured for direclional transmission on a Wik
frequency; and
one or moreg processors configured to:
receive a first message from a user device using a TVWS
frequency;
determine location information associated with the user device;
determine a Dbeam-steering configuration based upon the
location information; and
transmit a second message on the WIF! frequency o the user
device using the beam steering configuration and the anienna array.

21, The access point of Claim 20, wherein the location information is a
direction and determining location information comprises receiving the first message
al two antennae in succession; and/or

wherein the location information is a position retrieved from a TVWS

database.

22.  The access point of Claim 20 or 21, the one or more processors further
configured to wait for a period in excess of a hysteresis window before fransmitling
the second message on the WIFI frequency, the hysteresis window corresponding to
a transition from TVWS (o WIF! capabilities on one or more chips and one or more
antennas.

£
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23.  The access point of any of Claims 20 {o 22, further comprising a
second antenna configured o provide omnidireclional wirgless communication,
wherein a range of the second antenna is more than approximately twenty percent

of a range of the first antenna.

24, The access point of any of Claims 20 to 23, wherein a range of the
antenna array is at least 90 percent of the range of the first antenna.

25, The access point of any of Claims 20 to 24, the method further
COMprising:
receiving uplink communications from the user device exclusively on
TVWS frequencies; and
sending downlink communications to the user device exclusively on
WiF! frequencies using the beam-steering configuration.

26. A user communications device, comprising:
at least one processor;
at least one memory comprising instructions configured 1o cause the at
least one processor to perform a method comprising:
providing location information {0 an access point using a TVWS
freguency; and
receiving 8 Dbeam-steered communication using a WIiF

freguency based upon the location information.

27.  The user communications device of Claim 26, further comprising an
array configured to provide beam-steered communication using the WIFI frequency
and an omnidirectional antenna configured to provide communication using the
TVWS frequency.

28. The user communications device of Claim 26 or 27, wheregin the
location information is a position retrieved from a geolocation database; and/or
wherein the location information comprises a unique identifier agsociated with

the user communications device.
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29, The user communications device of any of Claims 26 o 28, the
method further comprising:
sending uplink communications to the access point exclusively on
TVWS frequencies; and
receiving downlink communications from the access point exclusively

on WIF! frequencies using the beam-steering configuration.

30.  The user communications device of any of Claims 26 to 29, wherein
the downlink communications comprise CSMA/CA signaling and channel control
data.

31, A computer-implemented method, comprising:
receiving a first message from a user device using 8 TVWS frequency;
determining location information associated with the user device;
determining a beam-sigering configuration based upon the location
information; and
transmitting a second message using a WIFI frequency to the user
device using the beam steering configuration.

32. The computer-implemented method of Claim 31, wherein the location
information is a direction and determining location information comprises receiving
the first message at two aniennae in succession; and/or

wherein the location information is a position refrieved from a TVWS

database.

33. The computer-implemented method of Claim 31 or 32, further
comprising waiting for g pericd in excess of a hysteresis window before transmitting
the second message on the WIF! frequency, the hysteresis window corresponding to
a transition from TVWS to WIF! capabilities on one or more chips and one or more

aniennas.

34. The computer-implemented method of any of Claims 31 io 33, the
method further comprising:
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receiving uplink communications from the user device exclusively on
TYWS frequencies; and
sending downlink communications o the user device exclusively on
WiFI frequencies using the beam-steering configuration; and/or
5 the method further comprising
transmitting CSMA/CA signaling and channel control data using the

beam-steering configuration.
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