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METHODS AND APPARATUS TO ENABLE SPATIAL
REUSE IN A WIRELESS NETWORK

FIELD OF THE DISCLOSURE
[9001] This disclosure relates generally to wireless networking, and, more
particularly, to methods and apparatus {0 enable spatial reuse in a wireless

network.

BACKGROUND
{60021 Wireless networks enable devices (o communicate with other
systems such as, for exarmple. the Intemet. Access to such wireless networks is
provided by one or more access points {APs). In areas where there is a high
density of users of mobile devices such as stadiums, conference halls, etc.,
multiple access points mav be installed to facilitate the larger area of coverage

and/or the larger number of expected devices.

BRIEF DESCRIPTION OF THE DRAWINGS

{0003} FIG. 1 is diagram of an example environment of use implemented
in accordance with the teachings of this disclosure to enable spatial reuse in a
wireless network.

[8004] FI1G. 215 a diagram of example prnimary and secondary associations
between access points and mobile stations.

[0088] FIG. 3 15 a block diagram of an example implemeniation of the
example access point controller of FIG. 1.

[8006] FIG. 4 15 a block diagram of an example implementation of the
example access point of FIG. 1.

{8667] FIG. 315 a block diagram of an example implementation of the
example mobile station of FIG. 1.

[0008] FIG. 6 1s an example communication diagram representing
communications among the example access point controller, the example access

point{s), and the example mobile station(s) of FIGS. 1, 2, 3, 4, and/or 5.
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{0009] FIG. 7 15 an example comnumtcation diagram representing
communications between the example access point of FIGS. 1 and/or 4 and
mobile stations to collect beamforming report{s).

{80618] FIG. 815 a flowchart representative of example machine readable
mstractions which, when executed, cause the example access point controller of
FIGS. 1 and/or 3 to enable spatial reuse in a wireless network.

[9011] FIG. 9 15 a flowchart representative of example machine readable
mstructions which, when execuied, cause the example access point of FIGS. 1
and/or 4 to transmit data to a mobile station.

[9012] FIG. 1013 a flowchart representative of example machine readable
instructions which, when executed, cause the exampie mobile station {o estimate
wnterference and apply equalization adjustments.

{08131 FIG. 11 15 a block diagram of an example processor platform 1100
capable of executing the instructions of FIG. 6, and/or 8 {0 implement the
example access point controller of FIGS. 1 and/or 3.

{0014} FIG. 12 is a block diagram of an example processor platform 1200
capable of executing the instructions of FIGS. 6, 7, and/or 9 to implement the
example access point of FIGS. 1 and/or 4.

{0615} FIG. 1315 a block diagram of an example processor platform 1300
capable of executing the instructions of FIGS. 6, 7, and/or 10 to implement the
example mobile station of FIGS. 1 and/or 5.

[8016] The figures are not to scale. Wherever possible, the same
reference numbers will be used throughout the drawing(s) and accompanving

written description fo refer to the same or like parts.

DETAILED DESCRIPTION
[8017] In areas where high density of mobile stations {e.g., mobile
devices) exists such as stadiums, conference halls, etc., wireless access points are
utilized o facilitate wireless service (o mobile stations. To benefit from such a
dense deployment of access points, the network should allow multiple access
points to transmit at the same time and same channel. For example, the first

access point may transmit to and/or receive data from a first device using a first

b2
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wireless channel while a second access point that 1s in close physical proximity to
the first access point may transrait to and/or receive data from a second device
using the first wireless channel.

{80618] Such transmissions are enabled by the use of beamforming. When
using beamforming techniques, wireless access points may utilize one or more
antennas in an antenna array 1o achieve spatial selectivity when transmitting a
wireless signal. That is, for an access point utilizing an antenna array, one or
more antennas tn the array may be used to transmit the wireless signal directly
towards a mobile station, as opposed to transmitting the wireless signal
ommidirectionally.

{8019] Existing Wi-F1 standards such as, for exampile, IEEE 802.11ax
ntroduce the concept of spatial reuse, where stations are able {0 identify signals
from overlapping basic service sets provided by access points, and make decisions
on wireless resource contention based on such information. Such approaches do
not, however, account for aligning interference between muliiple access poinis.

{0020} Example approaches disclosed herein enable collaborative
beamforming (CBF} and interference alignment between multi-APs in Wi-Fi
networks to facilitate spatial reuse. In examples disclosed herein, access poinis
operating on the same channel are allowed to deliver their packets simultaneously
to multiple users without interfering each other. To enable such spatial reuse,
bearnforming techniques are utilized in connection with selection of the access
point and mobile station pairs for spatial reuse. In examples disclosed herein, a
collaborative access point set 15 utilized, where multiple access points operate as a
collaborative set. Each mobhile station (STA) is associated with one primary
access point in the collaborative access point set and, in some examples, may be
associated with one or more secondary access poinis i the collaborative access
point set. In some examples, multiple mobile stations can be primarily associated
to the same access point.

[8021] To facilitate such simultaneous transmissions, a central controller
is utitized that enables exchanges of information among multiple access points for
coordinated beamforming. Beamforming reports are collected from the stations

bv their corresponding access points, and are reported to the central controller for
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analysis. In examples disclosed herein, beamnf{orming reports are collected in
response to a null data packet (NDP) transmission. In exaroples disclosed herein,
a collaborative beamforming (CBF) NDP data structure is utilized that enables the
access points in the collaborative access point set to transmit their NDP
transmussions and/or channel sounding requests sequentially (e.g., in a time
division multiple access {TIMA) fashion). In example approaches disclosed
herein, the UBF NDP data structure defines the order in which the access points
are to transmit thetr NDP messages.

[8022] The channel from each mobile station to its primary access point,
as well as any secondary access points is measured and one or more beamforming
feedback reports are transimitted to the access poini{s) and/or ceniral controller.
Based on the exchange outlined above, the bearmnformng feedback reports from
primarily associated access point and mobile station pairs are used to calculate
pre-coding beamforming matrices. In examples disclosed herein, beamforming
reports from secondanly associaled access point and mobile station pairs are used
to calculate the interference between candidate pairs for spatial reuse. In exarples
disclosed herein, rank-1 beamforming report(s} {e.g., low rate rank-1
beamforming report(s)} are utilized for the secondarily associated access point
and mobile station pairs. In examples disclosed herein, by using these
beamforming feedback reports, access point and mobile station pairs where
simmltaneous transmission can be allowed because the expected interference is
low can be identified.

{0023} FIG. 1 15 diagram of an example environment of use 100
implemented in accordance with the teachings of this disclosure to enable spatial
reuse in a wireless network., The example environment of use 100 of the
tHustrated example of FIG. 1 mcludes an access point controller 102 1o
conumnunication with a network 103, Via the network 103, the example access
point controller 102 communicates with a set of wireless access points 109, In the
iHustrated example of FIG. 1, the example set of wireless access points 109
mcludes a first wireless access pomt 110, a second wireless access pomt 112, and

a third wireless access point | 14. In the tllustrated example of FIG. 1, the set of
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wireless access points 109 provides a wireless service {e.g., Wi-Fi} for one or
more mobile stations 120.

[9024] In the illustrated example of FIG. 1, a first mohile station 121
communicates with the first wireless access point 110, a second mobile station
122 commumicates with the first wireless access point 110, a third mobile station
123 communicates with the second wireless access point 112 a fourth mobile
station 124 communicates with the third wireless access point 114, and a fifth
mobile station 125 communicates with the third wireless access point 114, In the
itiustrated example of FIG. 1 each of the mobile stations 121, 122, 123, 124, 125
primartly commumnicates with a single one of the wireless access points 109. In
examples disclosed herein, the example wireless access points 110, 112, 114
utilize beamforming to commumicate directly with their corresponding mobile
station{s}. In examples disclosed herein, because beamfornung is used, when a
first wireless channel is used to communicate {rom a first access point to a first
mobile station {e.g., the first wireless access point 110 communicates with the
first mobile station 121), such communications might not cause wireless
interference when another wireless access point communicates on the same
channel with another mobile station {e.g., the second wireless access point 112
conmnunicates with the third mobile station 123).

[8025] In examples disclosed herein, the wireless resources {e.g.. a
wireless channel) may be simultaneously used by one or more access points when
communicating with their corresponding mobile stations. For example the first
wireless access point 110 may comumunicate on a first channel with the first
mobile station 121 while the second wireless access point 112 may
simultaneously communicate with the third example mobile station 123 using the
first channel (e.g., the same channel as used by the communications between the
first wireless access pont 110 and the first mobile station 121), without the risk of
causing interference and/or disrupiing communications betweaen the first wireless
access point and the first mobile station 121,

{0026] The example access point controller 102 of the illustrated example
of F1(3. 1 controls collaborative beamforming operations of the example set of

wireless access poinds 109 To control such operations, the example the access
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point controller 102 identifies the wireless access points 110, 112, 114 as being
wireless access poinds included 1o the set of wireless access points 109, The
example access point controller 102 directs each of the wireless access points 110,
112, 114 to transmit one or more sounding message(s) (e.g., a null data packet) to
thetr corresponding mobile stations 120. Beamforming reports indicating signal
strengths associated with receipt of the sounding message(s) are collected and
reported 1o the access point coniroller 102. The access point controller 102
processes the beamforming reporis to identify wireless access point and mobile
station pairs where simultaneous communications are to be allowed. In examples
disclosed herein, pairs are selected when miterference that would be caused by
such communication is below an interference threshold. The example access
point controller 102 commumicaies such identifications to the wireless access
points 110, 112, 114 such that the wireless access points 110, 112, 114 may
identify whether simulianeous communication is allowed when transmitting data
to their corresponding mobile stations 120. An example implementation of the
access point controller 102 is further described in connection with FIG. 3.

[9027] In the illustrated example of FIG. 1, the example access point
controller 102 is represenied as a separate element from the wireless access points
110, 112, 114, In some examples, the example access point coniroller 102 may be
implemented bv one of the wireless access points 110, 112, 114, That s, one of
the wireless access points 110, 112, 114 may act as the controller for itself and the
other wireless access points.

{0028} In some examples, the access point controller 102 is remote from
the set of wireless access points 109, That is, while the example set of wireless
access points may provide wireless services for a facility {e.g., a single
geographic Jocation}, the example access point controller 102 may be
implemented as a server operated at a facility separate from the set of wireless
access points 109 (e.g., in the cloud}.

{0029} The example network 105 of the Hustrated example of FIG. 1
facilitates communication between the access point controlier 102 and the
wireless access poinis 110, 112, 114 in the set of wireless access poinis 109, In

examples disclosed herein, the network 105 is implemented as an Ethernet
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network. However, the access point controller 102 may communicate with the
wireless access points 110, 112, 114 and any other fashion. In some examples, the
network 105 may be implemented by the Internet.

{80630] The example set of wireless access points 109 of the illustrated
example of FIG. 1 includes muliiple wireless access points. In examples
disclosed herein, the example set of wireless access points 109 are access points
that are utilized together (e g, that provide a same wireless network and/or
wireless service 1o the mobile stations 120}, In some examples, the wireless
access pounts 110, 112, 114 commmunicate using a same service set identifier
(SSID).

{8031 In the illustraied example of FIG. 1, three wireless access points
110, 112, 114 are included in the set of wireless access points 109, However, any
number of wireless access points may additionally or alternatively be used.
Moreover, in the illustrated example of FIG. 1, the wireless access points are
depicted in a linear fashion {e.g., in aline). However, the wireless access points
may be arranged in any fashion. In the illustrated example of FIG. 1, the wireless
access points 110, 112, 114 are a same type of wireless access point {e.g., being of
a same make and model, and/or having similar specifications). However, in some
examples, the wireless access points may be different from each other. That i,
multiple different makes and/or models of wireless access points may be utilized
in combination with each other.

[8032] I examples disclosed herem, the example wireless access poinis
110, 112, 114 are owned and/or operated by an entity providing a wireless
service. For example, an entity operating a venue {e g.. a sports arena} may own
and/or operate the wirelass access points 110, 112, 114 to provide wireless
services o attendees of the venue. In some examples, the access point controller
102 1s owned and/or operated by an entity other than the entity operating the
vernue.

[8033] The example mobile stations 120 of the illustrated example of FIG,
1 are implemented as mobile devices such as, for example smart phones.
However, any other device that may commumnicate with an access point may

additionally or alternatively be used such as, for example, a tablet, a laptop, a
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desktop, an Internet of Things (107T) device, elc. In examples disclosed herein, the
mobile stations 120 are provided by users of the corresponding mobile stations.
That 15, the mobile stations 120 are not necessarily provided, operated, and/or
owned by the same entity as the wireless access points 109, In examples
disclosed herein, the example mobile stations 120 are implemented by different
tvpes of devices. For example, while the first mobile station 121 may be
implemented by an Apple iPhone, the second example mobile station 122 may be
implemented by a Samsung Galaxy S8,

{0034} In examples disclosed herein, the example mobile stations 120
communicate with the example wireless access points 109 using Wi-Fi (e.g.,
802.11 based technology). However, any other past, present, and/or future
wireless communication lechnologies may additionally or alfernatively be used
such as, for example Bluetooth, cellular communications, efc.

[0038] FIG. 2 is a diagram of example primary and secondary associations
between access points and mobile stations. In the iHustrated example of FIG. 2,
two access points 205, 210 are shown. In the tHustrated example of FIG. 2, both
of the access points 205, 210 are part of the same collaborative set of wireless
access points. In the ittustrated example of FIG. 2, fow mobile stations 220, 230,
240, 250 are shown. However, any number of mobile stations and/or access
points may additionally or alternatively be used. In the illusirated example of
FiG. 2, the first mobile station 220 has a first primary association 225 with the
first access point 205. The second mobile station 230 has a second primary
association 235 with the first access point 203, The second oobile station 230
also has a secondary association 237 with the second access point 210, That is,
the second mobile station 230 is in wireless communication range of both the first
access points 205 and the second access point 210, The thard mobile station 240
has a third primary association 245 with the wireless access point 210. The fourth
mobile station 250 has a fourth primary association 255 with the second access
point 210,

{0036} A signal strength of the first primary association 225 is represented
by wi... A signal strength of the second primary association 233 is represented by

il . - .. ) . .
wr,. A signal strength of the secondary association 237 is represented by w5,

-8
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A signal strength of the third primary association 245 1s represented by W,? e A
signal sirength of the fourth primary association 255 is represented by w§f iz

[90637] FIG. 3 s a block diagram of an example implemeniation of the
example access point controller 102 of FIG. 1. The example access point
controller 102 of the tHlusirated example of FIG. 3 includes an access point
communicator 310, a beamforming report collector 320, a beamforming report
data store 330, an access point and mobile station pair identifier 340, an
mterference estimator 350, a collaborative beamfornung set data store 360, and an
access point instructor 370.

{0038] The example access point communicator 310 of the illustrated
example of FIG. 3 enables the access point controller 102 to cormmmunicate with
the access points 109 via the network 105, In examples disclosed herein, the
gxample access point communicator 310 1s implemented using an FEthemet port.
However, anv other past, present, and/or future approaches to facilitating
conwnunication between the access point controller 102 and the access points 109
may additionally or alternatively be used. In examples disclosed herein, the
example access point communicator 310 iransmits a collaborative beamforming
null daia packet (CBF NDP) message o the set of access points 109 and, in
response, receives one or more beamforming reporis. The example access point
communicator 310 also transmits, to the access points, an identification of access
point and mobile station pairs that are 1o participate in collaborative beamforming
{(e.g., that are identified as part of a collaborative beamfornung set),

{0039} The example beamforming report collector 320 of the illustrated
example of FIG. 3 instructs the example access point communicator 310 o
request beamforming reports from the set of wireless access points 109, The
heamforming reports are then collected by the example beamforming report
collector 320 and are stored in the example beamforming report data store 330,
and are later utilized for calenlation of precoding matrices and for identifving
access point and mobile station pairs for inclusion in collaborative beamforming

set.
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{08408} The example beamforming report data store 330 of the Hustrated
example of FIG. 3 is implemented by any memory, storage device and/or storage
disc for storing data such as, for example, flash memory, magnetic media, optical
media, etc. Furthermore, the data stored in the example beamforming report data
store 330 may be in any data format such as, for example, binary data, comma
delimited data, tab delinmited data, structured query language (SQL) structures,
etc. While in the iltustrated example the beamforming report data store 330 is
itlustrated as a single element, the example beamforming report data store 330
and/or any other data storage elements described herein may be implemented by
any number and/or type(s} of memories. In the illustrated example of FIG. 3, the
example beamforming report data store 330 stores beamforming reports collected
by the beamforming report collector 320.

[0041] The example access point and mobile station pair identifier 340 of
the thustrated example of FIG. 3 analyzes the beamforming reports stored in the
example bearnformang report data store 330 to wdentify access point and mobile
station pairs. In examples disclosed herein, the access point and mobile station
pair identifier 340 identifies access point and mobile station pairs for inclusion in
the collaborative beamforming set. When included in the collaborative
beamforming set, access points may transmit to their corresponding mobile
stations without delay {e.g., without having 1o schedule transmissions with other
access points due to expected interference}. In examples disclosed herein, the
example access point and mobile station pair identifier 340 causes the example
nterference estimator to estimate interference that would be cause by the
potential addition of one or more access point and mobile station pairs to the
coliaborative beamforming set. Such potential additions are added to the
collaborative beamforming set when, for example, the estimated interferences
below an interference threshold.

[0042] The example interference estimator 350 of the iHlustrated example
of FIG. 3 estimates interference that would be caused by the potential addition of
one or maore access point and mobile station paurs to the collaborative
beamforming set. In examples disclosed herein, such estimation is performed

based on the beamforming reports stored in the example beamforming report data
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store 330. Tn examples disclosed herein, rank-~1 beamforming reports are vtilized
for secondary associations between access points and corresponding mobile
stations. In examples disclosed herein, arank-1 beamforming report is defined to
be a type of beamforming report that contains less information than a standard
beamforming report, but enough information to estimate interference on other
access point and mobile station pairs. As used herein, interference is defined to
be a lack of available signal strength. Interference may be caused by, for
example, physical obstructions between the access point and the mobile station, a
distance between the access point and the mobile station, other mobile stations
and/or access points communicating in the proximity of the access point and/or
mobile station, ete.

18043] I examples disclosed herein, the reduced amount of imformation
of the rank-1 beamforming report is beneficial, as it reduces bandwidth
requirements for collection of such reports, as well as reduces an amount of
memory space needed to store such reports. However, in some examples,
traditional beamfornung reporis may be collected instead of rank-1 beamforming
reports. In examples disclosed herein, the rank-1 beamforming reporis are
collected from all secondary access point and mobile station associations (e.g., if
a mobile station were primarily associated with a first access point and
secondanly associated with three other access points, three rank-1 beamforming
reports would be created corresponding to the associations of the mobile station
with each of the three other access points).

{0044] The example collaborative bearnfornmung set data store 360 of the
tHustrated example of FIG. 3 is implementad by any memory, storage device
and/or storage disc for storing data such as, for example, flash memory, magnetic
media, optical media, efc. Furthermore, the data stored in the example
collaborative beamforming set data store 360 may be in any data format such as,
for example, binary data, comma delimited data, tab delimied data, structured
query language (SQL) structures, ete. While in the llustrated example the
collaborative beamforming set data store 360 1s illustrated as a single element, the
example collaborative beamforming set data store 360 and/or any other data

storage elements described herein may be implemented by any number and/or

- 11 -
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tvpefs) of memories. In the iflustrated example of FIG. 3, the example
collaborative beamforming set data store 360 stores the collaborative
beamforming set identified by the access point and mobile station pair identifier
340,

[18045] The example access point instructor 370 of the illustrated example
of FIG. 3 nstructs the access point commumnicator 310 to inform the set of access
points 109 of collaborative beamforming set stored in the example collaborative
beamforming set data store 360, In examples disclosed herein, the example access
point instructor 370 causes the example access point communicator 310 to
transmit a message to each of the access points in the set of access points 109
identifying all of the access point and mobile station pairs in the collaborative
beamforming set. That 1s, each access point may be informed of access point and
maobile station pairs with which it is not associated.

[0046] However, in some examples, the example access point instructor
370 may cause the access point communicator 310 to transmit identifications of
access point and mobile station pairs only 1o such access points that are involved
in those access point and mobile station pairs. For example, if a first access point
were involved in three access point and mobile station pairs and the second access
point were involved m two access point and mobile station pairs, the example
access point instructor 370 may inform the first access point of the three access
point and mobile station pairs with which it is involved, and not inform the first
access point of the two access point and mobile station pairs with which it is not
mvolved.

{8047] FIG. 415 a block diagram of an example implementation of the
example access point 110 of FIG. 1. The example access point 110 of the
tlustrated example of a FIG. 4 mcludes a network communicator 410, a
conwnunications processor 420, and array controller 430, and antenna array 440,
and a beamforming report requester 450. In operation, the example network
communncator 410 recetves mformation from the network 105 such as, for
example, data packets. Such data packets may be destined for a mobile station,
and the example communications processor 420 may cause the antenna array 440

to transimt the data packets to the mobile station. The antenna array 440 operaies

-12 -



WO 2019/040059 PCT/US2017/048192

i accordance with instructions and/or configurations applied by the array
controller 430. The example bearnforning report requester 450 causes the
antenna array 440 to transmut information to the mobile station such as, for
example, a null data packet, a beamforming report request, etc.

[8048] The example network communicator 410 of the illustrated example
of FIG. 4 1s implemented by an Ethernet port. The example networking indicator
410 enables communication from the access point 110 to the network 105, While
an Ethernet port is used in the llustrated example of FIG. 4, any other approach {o
facilitating communication between the example the access pomt 110 in the
example network 105 may additionally or alternatively be used. For example, the
network communicator 410 may be implemented using one or more wired and
wireless protocols, communication systems, etc.

{0049} The example communications processor 420 of the ilustrated
example of FIG. 4 analyzes communications recetved from the network
communicator 410 to determine whether the commumications are directed to the
access pount 110, In some examples, the information received from the example
network includes information from the example access point controller 102. In
some examples, the communications transmitted to the access point 110 include
collaborative beamforming null data packet messages (CBF NDP) and/or
wdentifications of the collaborative beamforming set.

[0050] The example array controller 430 of the illustrated example of
FIG. 4 identifies a pre-coding matrix that enables the antenna array 440 to
directionally transmt data towards a particular mobhile station {e.g., uni-
directionally as opposed to omni-directionally}. The example array controller 430
applies gain values to the antenna array 440 when transmitting to a particular
mobile station based on the pre~coding matrix.

{0051} The example antenna array 440 of the illustrated example of FIG. 4
includes one or more antennas for wireless transmission of data to and/or from the
mobile stations. To facilitate commumication via the one or more antennas, the
example antenna array 440 inchudes wireless communication circwtry such as, for
example, orthogonal frequency division modulation circuitry, an upconverter, a

downconverter, an amplifier, a filter, a mixer, an encoder, a decoder, efc. In

13-



WO 2019/040059 PCT/US2017/048192

examples disclosed herein the antennas included n the antenna array 440 are
directional antennas and, transmit data directionally. When, for example multiple
antennas are used to transmit data, the direction in which data is transmitted can
be adjusted. The example antenna array 440 transmits data to wireless stations
according to a beamforming pre-coding matrix identified by the array controller
430. Thus, when transmitting data to a particular mobile station, the antenna array
440 can transmit directly o that mobile station, as opposed to transmitting ommni-
directionally.

{0052} The example beamformung report requester 450 the iHustrated
example of FIG. 4 transmits a null data packet (NDP) message via the example
antenna array 440. The null data packet message provides information {o mobile
stations in proximity of the access point for preparation of beamforming reporis.
The example beamforming report requester 450 requests, via the antenna array
440, beamforming reporis to be transmitted back {o the access point 110. In
addition 1o requesting beamforming reports from stations that are primartly
associated with the access point 110, the example beamforrming report requester
450 requests rank-1 beamforming reports from those stations that are secondarnily
associated with the access point 110. The example beamforming report requester
450 relavs, via the network commumicalor 410, the received beamforming reports
to the example access point controlier 102,

[0053] FIG. 5 1s a block diagram of an example implementation of the
example mobile station 121 of FIG. 1. The exarmple mobile station 121 includes a
wireless communicator 310, a heamforming report generator 520, a channel
estimator 530, and native mobile station functionality 550.

{8054] The example wireless communicator 510 of the ilustrated
example of FIG. § enables the mobile station to commumicate with one or more
access point{s) 110, In some examples, the example wireless comnmunicator 310
imcludes one or more antennas to enable wireless communications. To faciiitate
communication via the one or more antennas, the example wireless communicator
510 mcludes wireless communication circuitry such as, for example, orthogonal
frequency division modulation circuitry, an upconverter, a downconverter, an

ampiifier, a filter, 2 mixer, an encoder, a decoder, etc. In examples disclosed
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herein, the wireless commumicator 510 communicales using a WiFi protocol.
However, any other past, present, and/or future protocol(s) and/or commurication
system(s) may additionally or alternatively be used.

{0655} The example beamforming report generator 520 of the itiustrated
example of FIG. S monttors for null data packet (NDP) messages {rom the access
point{s), and prepares beamforming report(s) indicating properties and/or
characteristics of the NDPF messages {e.g.. a signal strength of the received NDP
message}. The example beamforming report generator 320 transmits the
beamforming report(s) to the access point that requested the bearmfornung report.

[9056] The example channel estimator 530 of the illustrated example of
FI1G. 5 recetves long training field message(s) from one or more access points and
estimates channel interference encountered at the mobile station when receiving
the LTF message(s). The example channel estimator 530 applies gain
modifications to tune the wireless communicator 510.

{0087} The example native mobile station {unctionality 550 of the
iHustrated example of FIG. 5 implements intended operations of the example
mobile station 121. For example. the native mobile station functionality 550 may
implement an operating system, an app, a program, eic. In examples disclosed
herein, while the native mobile station functionality 550 is not directly involved in
the wireless communication between the mobile station 121 and the access points,
the example native mobile station functionality 550 benefits trom the increased
throughput and/or reduced latency encountered as a result of the use of the
example approaches disclosed herein.

{0058] While an example manner of implementing the example access
point controller 102 of FIG. 1 is illustrated in FIG. 3, one or more of the elements,
processes and/or devices iHlustrated i FIGS. 1 and/or 3 may be combined,
divided, re-arranged, onutted, eliminated and/or implemented in any other way.
While an example manner of implementing the example access point 110 of FIG.
1 1s lhustrated in FIG. 4, one or more of the elements, processes and/or devices
iHustrated in FI1G. | and/or 4 may be combined, divided, re-arranged, onutted,
eliminated and/or implemented in any other way. While an example manner of

implementing the example mobile station 121 of FIG. 1 15 llustrated in FIG. 5,
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one or more of the elements, processes and/or devices illustrated in FIGS. 1
and/or 5 may be combined, divided, re~-arranged, omitied, elinunated and/or
implemented in any other way. Further, the example access point communicator
310, the example beamforming report coliector 320, the example access point and
mobile station pair identifier 340, the example interference estimnator 350, the
example access point instructor 370, and/or, more generally, the example access
point controller 102 of FIGS. 1 and/or 3, the example network commumnicator 410,
the example communications processor 420, the example array controller 430, the
example antenna array 440, the example bearnforming report requester 450,
and/or, more generally, the example access point 110 of FIGS. 1 and/or 4, the
example wireless communicator 510, the example beamforming report generator
520, the example channel estimator 530, the example native mobile station
functionality 550, and/or, more generally, the example mobile station 121 of
FIGS. 1 and/or 5 may be implemented by hardware, software, firmware and/or
any combination of hardware, software and/or firmware. Thus, for example, any
of the example access point conmmunicator 310, the example beamforming report
collector 320, the example access point and mobile station pair identifier 340, the
example interference estimator 350, the example access point instructor 370,
and/or, more generally, the example access point controller 102 of FIGS. 1 and/or
3, the example network coromuricator 410, the example comumunications
processor 420, the example array controller 430, the example antenna array 440,
the example beamforming report requester 450, and/or, more generally, the
example access point 110 of FIGS. 1 and/or 4, the example wireless
cormmunicator 510, the example beamforming report generator 520, the example
channel estimator 530, the example native mobile station functionality 550,
and/or, more generally, the example mobile station 121 of FIGS. 1 and/or 5 could
be implemented bv one or more analog or digital circuit(s), logic circuits,
programmable processor(s}), application specific integrated circuni(s) (ASIC{s})},
programmable logic device(s) (PLD{s)) and/or field programmable logic device(s)
(FPLD(s)). When reading any of the apparatus or svstern claims of this patent to
cover a purely software and/or firmware implementation, at least one of the

example access point communicator 310, the example beamforming report
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collector 320, the example access point and mobile station pair identifier 340, the
example interference estimator 350, the example access point instructor 370,
and/or, more generally, the example access point controller 102 of FIGS. 1 and/or
3, the example network communicator 410, the example communications
processor 420, the example array controller 430, the example antenma array 440,
the example beamfornming report requester 450, and/or, more generally, the
example access point 110 of FIGS. T and/or 4, the example wireless
communicator 510, the example beamforming report generator 20, the example
channel estimator 530, the example native mobile station functionality 550,
and/or, more generally, the example mobile station 121 of FIGS. 1 and/or 5 is/are
hereby expressly defined to inchude a non-transitory computter readable storage
device or storage disk such as a memory, a digital versatile disk (DVD), a
compact disk (CD), a Blu-ray disk, etc. including the software and/or

firmware. Further still, the example access point conirolier 102, the example
access point 110, and/or the example mobile station 121 of FIGS. 1, 3, 4, and/or §
may mclude one or more elements, processes and/or devices 1n addition to, or
instead of, those illustrated in FIGS. 1, 3, 4, and/or 5, and/or may include more
than one of any or all of the tHustrated elements, processes and devices.

18058] A flowchart representative of example machine readable
mstructions for implementing the exarople access point controller 102 of FIGS 1
and/or 3 is shown in FIG. 8. In this example, the machine readable instructions
comprise a program for execution by a processor such as the processor 1112
shown in the example processor platform 1100 discussed below in connection
with FIG. 11, The program may be embodied in software stored on a non-
transitory computer readable storage medium such as a CD-ROM, a floppy disk, a
hard drive, a digital versatile disk (BVD). a Blu-ray disk, or a memory associated
with the processor 1112, but the entire program and/or parts thereof could
alternatively be executed by a device other than the processor 1112 and/or
embodied in firmware or dedicated hardware. Further, although the example
program 1s described with reference to the flowchart illustrated 1n FIG. 8, many
other methods of implementing the example access point controller 102 may

alternatively be used. For example, the order of execution of the blocks may be
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changed, and/or some of the blocks described may be changed, elirminated, or
combined. Additionally or alternativelv, any or all of the blocks may be
implemented by one or more hardware circuits {e.g., discrete and/or integrated
analog and/or digital circuitry, a Field Programmable Gate Array {FPGA), an
Application Specific Integrated circunt (ASIC), a comparator, an operational-
amplifier (op-amp}, a logic circut, etc.) structured to perform the corresponding
operation without executing software or firmware.

{0060} A flowchart representative of example machine readable
imstructions for tmplementing the example access point 110 of FIGS. 1 and/or 4 1s
shown in F1G. 9. In this example, the machine readable instructions comprise a
program for execution by a processor such as the processor 1212 shown in the
example processor platform 1200 discussed below in connection with FIG. 12.
The program may be embodied in software stored on a non-transitory computer
readable storage medium such as a CD-ROM, a floppy disk, a hard drive, a digital
versatile disk (DVD), a Blu-ray disk, or a memory associated with the processor
1212, but the entire program and/or parts thereof could alternatively be executed
by a device other than the processor 1212 and/or embodied in firmware or
dedicated hardware. Further, although the example program is described with
reference 1o the flowchart llustrated in FIG. 9, many other methods of
implementing the example access point 110 may alternatively be used. For
example, the order of execution of the blocks may be changed, and/or some of the
blocks described may be changed, eliminated, or combined. Additionally or
alternatively, any or all of the blocks may be implemented by one or more
hardware circuits {e.g., discrete and/or integrated analog and/or digital circuitry, a
Field Programmable Gate Arrav (FPGA), an Application Specific Integrated
circuit {ASIC), a comparator, an operational-amplifier (op-amp), a logic circut,
etc.} structured to perform the corresponding operation without executing
software or firmware.

{0861} A flowchart representative of example machine readable
instructions for implementing the example mobile station 121 of FIGS. 1 and/or 5
is shown in FIG. 10. In this example, the machine readable mstructions comprise

a program for execution by a processor such as the processor 1312 shown in the
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example processor platform 1300 discussed below in connection with FIG. 13
The program may be embodied in software stored on a non-iransiiory computer
readable storage medium such as a CD-ROM, a floppy disk, a hard drive, a digital
versatile disk {DVD), a Blu-ray disk, or a memory associated with the processor
1312, but the entire program and/or paris thereof could alternatively be executed
by a device other than the processor 1312 and/or embodied in firmware or
dedicated hardware. Further, although the example program is described with
reference to the flowchart iHustrated in FIG. 13, many other methods of
implementing the example mobile station 121 of FIGS. 1 and/or 5 may
alternatively be used. For example, the order of execution of the blocks may be
changed, and/or some of the blocks described may be changed. eliminated, or
combined. Additionally or alternatively, any or all of the blocks may be
implemented by one or more hardware circuits {e.g.. discrete and/or integrated
analog and/or digital circuitry, a Field Programmable Gate Array (FPGA}, an
Application Specific Integrated circuit (ASIC), a cornparator, an operational-
araplifier {op-amp), a logic circuwit, ete.} structured to perform the corresponding
operation without executing software or firmware.

{8062] As mentioned above, the example processes of FIGS. &, 9, and/or
10 may be implemented using coded instractions {e.g., computer and/or machine
readable instructions) stored on a non-transitory computer and/or machine
readable medium such as a hard disk drive, a flash memorv, a read-only memory,
a cornpact disk, a digital versatile disk, a cache, a random-access memory and/or
any other storage device or storage disk in which information is stored for any
duration {e.g., for extended time periods, permanently, for brief instances, for

temporarily buffering, and/or for caching of the information). As used herein, the

term non-transitory computer readable medium 1s expressly defined to include
any type of computer readable storage device and/or storage disk and to exclude
propagating signals and to exclude transmission media. “Including” and
“comprising” {and all forms and tenses thereof) are used herein to be open ended
terms. Thus, whenever a claim lists anything following any form of “include” or
“comprise” (e.g., comprises, includes, comprising, including, etc ), 1t is to be

understood that additional elements, terms, ete. may be present without falling
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outside the scope of the corresponding claim. As used herein, when the phrase "at
least” 1s used as the trapsition term in a preamble of a claim, it is open-ended i
the same manner as the term "comprising™ and “including” are open ended.

{0863} FIG. 615 an example communication diagram representing
comrunications among the example access point controller 102, the example
access point(s) 109, and the example mobile station{s} 120 of FIGS. 1, 2, 3, 4,
and/or 5. The example communication diagram 600 of the illustrated example of
FIG. 6 begins when the example access point controller 102 establishes a
collaborative access point set. {Block 605). In examples disclosed herein, access
points that are part of the example set of wireless access points 109 are included
int the collaborative set based on their geographic association and/or being in
commnunication with the network 105,

[0064] In examples disclosed herein, a single collaborative access point
set is identified. However, in some examples, multiple coliaborative point seis
may be tdentified. For example, a first collaborative access point set may be
identified in connection with access points located in a first wing of a building
and a second collaborative access point set may be identified in connection with
access points located in a second wing of a building separate from the first wing.
In some examples, the multiple collaborative access point sets may provide a
same wireless resource {e.g., mayv host a same wireless network). Moreover, the
example access point controller 102 may provide controller services for multiple
different facilities and/or networks of sets of access points.

{0065} The example access point controller 102 communicates with the
example access points 109 to identify associations between mobile stations {e.g.,
the mobile stations 120) and access points in the set of wireless access points 109
{Block 6103, In examples disclosed herein, the access point controller 102
wdentifies associations where there 15 a primary association between a mobile
station and an access poini. In examples disclosed herain, each mobile station is
only primartly associated with a single access point.

{0066] The example access point controller 102 transmits an instruction
that causes each of the access points 110, 112, 114 in the set of wireless access

points 109 to collect beamforming report(s). {(Block 615}, In examples disclosed
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herein, the instruction to collect beamforming report{s) is a collaborative
beamforming null data packet (CBF NIIP) announcement. The CBF NDP
announcement instructs each of the wireless access points in the set 109 to
broadcast a sounding message {e.g., a mull data packet) to facilitate collection of
beamforming reports. The exaraple access points 110, 112, 114 m the example set
of wireless access points 109 direct the creation of beamforming reports. (Block
620}, In examples disclosed herein, the beamforming reports include traditional
beamforming reports, but additionally imclude rank-1 beamforming reporis for
mobile stations that are secondarily associated with one or more access poini(s).
Each of the mobile stations 120 generate their corresponding beamforming
report(s), and transmii the same to the access point with which the beamforming
report was generaled. (Block 623}, The access point receiving the beamforming
report transmits the collected beamforming repori(s} to the access point controller
102. (Block 630).

{0067} The example access point controller 102 reviews the collected
heamforming reports to generate a collaborative beamfornung set. (Block 635).
In examples disclosed herein, the collaborative beamforming set is a list of access
point and mobile station pairs that are allowed o participate in collaborative
beamforming. When participating in collaborative beamforming, daia may be
transmutted between the access point and mobile station pairs without the need to
arrange for a transmission time (e.g., a ime slot in which the access point can
transmit dala to the mobile station), as access point and mobile station pairs in the
collaborative beamforming set do not cause interference with each other that
would interrupt those transmisgsions (e.g., the expected interference 13 below an
interference threshold}. An example approach to generating the collaborative
beamforming set 18 described in connection with FIG. 8, below.

{0068] The example access point controller 102 informs the access
point{s} 109 of the collaborative beamforming set. (Block 640). In examples
disclosed herein, the example access point controller 102 informs each access
point in the collaborative beamnforming set of all of the access point and mohile
station pairs in the collaborative beamforming set. However, in some examples,

the access point controller 102 may only inform the access points of the access
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point and mobile station pairs of which they are a part of. In examples disclosed
herein, a single collaborative beamformung set is identified. However, in some
examples, multiple collaborative beamforming sets may be identified.

[806%] The example access points 109 then transmits training field
messages (o their mobile stations. (Block 645}, In examples disclosed herein, the
training field messages are long training field (LTF} messages. However, any
other type of message may additionally or alternatively be used. The example
training field messages are transmitted from each access point in the set of
wireless access points, and are made to be user specific, and are bearnformed in
the direction(s) of the primary mohile stations of each access point. During
channel estimation, each mobile station experiences the same interference that it
will receive during data transmussion, as all access points in the collaborative
beamforming set simulfaneously (and/or substantially simultaneously ) transmit
the training field messages. Using the training field messages, the example
mobile stations estimate interference and apply adjustments to their wireless
interface(s). (Block 650). Because the training field messages are fransmitied
simultaneousty, the mobile stations are able to estimate interference caused by
other access point and mobile station pairs participating in collaborative
beamforming. The example process 600 of FIG. 6 may be repeated pertodically
and/or a-periodically. For example, the process 600 may be repeated every five
minutes, ten minutes, hour, efc. In some examples, the process 600 of FIG. 6 may
be performed i response o an indication that interference is being experienced
between the access poini(s) and mobile station(s) 120. For example, as mobile
stations move with respect 1o the access poini(s), the collaborative beamforming
set may need to be modified, updated, etc. to account for the changing wireless
environment.

{0076} FIG. 715 an example commumnication diagram 700 representing
comimumications between the exampie access point of FIGS. 1 and/or 4 and
mobile stations (o collect beamforming report(s). The example communication
diagrarn 700 corresponds to an example tmplementation of blocks 620 and 625 of
F1G. 6. The example process 700 of FIG. 7 identifies operations {e.g., machine

readable instructions) that may be performed by an access point 705 (e.g., an
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access point in the set of wireless access points 109), one or more primary mobile
stations 710 for the access point 705, and one or more secondary stations 712 for
the access point 705, In the illusirated example of FIG. 7, the example access
point 705 accesses the CBF NDP announcement transmitied by the example
access point controller 102 {See block 6135 of FIG. 6). (Block 720). In examples
disclosed herein, the CBF NDP announcement indicates an order in which the
access points in the set of wireless access points 109 are to transmit their sounding
messages. The example access point waits unti] its scheduled time {as indicated in
the CBF NDP message), and transmils a very high throughput null data packet
(VHT NDP), which is received by the primary stations 710 and the secondary
stations 712. (Block 725). The example access point 705 then transmits a first
polling message to collect beamforming reports from the primary stations 710 of
the access point. (Block 730}, In examples disclosed herein, the primary stations
710 for the access point generate beamforming reporis and provide the
beamforming reports to the access pomnt. (Block 735). The exarnple access point
705 transroits a second polling message to the secondary stations 712 for the
access point to collect rank-1 beamforming reports from those secondary stations
712. (Block 740). The secondary stations 712 generate a rank-1 beamforming
report and transmit the same to the access pomt 705, (Block 745). The example
process then retums to FIG. 6, where the access poimnt 703 transmits the collected
beamforming reports to the access point coniroller 102 {see block 630 of FIG. 6}

{0671} FIG. 8 15 a flowchart representative of example machine readable
mstructions which, when executed, cause the exarple access point controller 102
of FIGS. 1 and/or 3 to enable spatial reuse in a wireless network., The example
process 800 of the ifiustrated example of FIG. & corresponds to block 635 and 640
of the tHustrated example of FIG. 6. The example process 800 of the illustrated
exarple of FIG. 8 begins when the example beamformang report collector 320
coliects beamforming reports from the access points in the set of wireless access
points 109, (Block 810}, In examples disclosed herein, the collected beamforming
reports include rank-1 beamfornung reports. The example beamforming report
collector 320 stores the collected beamforming reports in the example

beamforming report data store 330,
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[8072] The example access point and mobile station pair identifier 340
selects a first access pont and mobile station pair appearing in the collected
beamforming reports. {Block 820). In examples disclosed herein, access point and
mobiie station pairs are identified only when they are reported as being primary
associations between the mobile station and its corresponding access point.
However, anv other approach to selecting access point and mobile station pairs
may additionally or alternatively be used. In examples disclosed herein, the first
access point and mobile station pair that is selected is the access point and mobile
station pair that has the highest signal strength. However, any other approach fo
selecting one of the access point and mobile station pairs may additionally or
alternatively be used such as, for example, a prioritv of a particular mobile station,
an mndication of which mobile station was first in communication with an access
point, etc. The selected first access point and mobile station pair are added to the
coliaborative beamforming set stored in the example collaborative beamforming
set data store 360. (Block 830),

{0073} The example access point and mobile station pair identifier 340
then identifies a second access point and mobile station pair. (Block 840). The
example interference estimator 350 estimates and amount of interference caused
by potential addition of the second access point and mobile station pair (o the
collaborative beamforming set. (Block 850).

[8074] In examples disclosed herein, o estimate the interference
generated by each added access point and mobile station pair to the collaborative
heamforming set, beamforning reports from mohile stations on their secondary
access points are utilized (e g., the rank-1 beamforming reports are used}. The
gxample approaches described in connection with FI{z. 8 are described in view of
the labels applied {0 the example first and second access points, the example
maobile stations, and the example coramunication paths of FIG. 2. Using the
beamforming reports, the example interference estimator 350 creates a signature
for the mterference channel behween a second access point 210 and each mobile
station primarnily associated with a first access point 205, Such calculation s
performed using the pre-coding vector calculated at the second access point 210

A same approach is used for interference estimation from the first access point
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205 transmitting {o the siations primarily associated with the second access point
210.

[9075] In examples disclosed herein, interference received at every mobile
station is a result of transmission from other access points to their primary mobile
stattons. In examples disclosed herein, because beamforming s used, such
transnussions are directional, thereby (in general} reducing such interference.
Example approaches disclosed herein utilize Equation 1, below, for estimating the

amount of interference recetved the primary station.

>

4
j p? i oy e
o< el 1=12 i#j
14
m=1

Eguation 1
{0076} In equation 1, p,,, and p; are transnut powers for mobile stations m
and /, respectively. [ Jz represents an amount of interference caused by the
potential addition of the access point and mobile station pair to the collaborative
beamforming set. The following assumptions, shown in Equation 2, below, are

also used:

i = hlx Wi, = wiy < Wl 1=12 m=12 i%j

Eguation 2
[8077] The example approaches disclosed herein represent an upper

bound of estimated mierference as, for example, receiver beamfornung is not
considered. If, for example, each mobile station also was to apply receiver
beamforming, the resultant interference would be less. Using the estimated
amount of interference, the example access point and mobile station pair identifier
340 determines whether the estimated interference is below an interference
threshold. (Biock 860). If the estimated interference 1s below the interference
threshold (e g, block 860 returns a result of YES), the example access point and
mobile station pair identifier 340 adds the second access point and mobile station
pair to the collaborative beamforming set stored in the example collaborative
beamforming set data store 360. (Block 870). If the example access point and
maobile station pair identifier 340 deternunes that the estimated interference 1s not

below the interference threshold. {e.g., block 860 returns a result of NO) the
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second access points and mobile station pair are not added to the collaborative
heamforming set. In examples disclosed herein, the example interference
threshold is a value stored in a memorv of the access point controller 102,
However, any other approach to storing and/or utilizing an interference threshold
mayv additionally or alternatively be used. For example, the interference threshold
may be dynamically deterniined such that a threshold maxiowum number of access
point and mobile station pairs mav be permitied to be part of the collaborative
beamforming set.

[8078] The example access point and mobile station pair identifier
determines whether any additional access point and mobile station pairs exist for
consideration for addition to the collaborative beamforming set. {Block 830). If
additional access point and mobile station pairs exist for consideration, (e.g..
block 880 returns a result of YES), the example access point and mobile station
pair identifier 340 1dentifies a further access point and mobile station mobile
station pair {block 840), and the example interference estimator 350 estimates
mterference caused by potential addition of the further access point and mobile
station pair to the collaborative beamforming set. The example process of blocks
840 through 880 15 repeated until no additional access point and mobile station
pairs exist for consideration for addition to the collaborative beamforming set
{e.g., until block 880 returns a result of NO). Having counsidered all access point
and mobile station pairs for addition to the collaborative beamforming set, the
access point imstructor 370 informs the access points and stations of the
collaborative beamforming set via the access point communicator 310, (Block
890). The example process 800 the illustrated example of FIG. 8 then terminates.
The example process 300 of the iliustrated example of FIG. 8 may then be
repeated at a later time to update and/or modify the collaborative beamf{orming
set.

[9079] In examples disclosed herein, the example equations described
above in connectlion with FIG. 8 can be directly exiended to more than two access
points and to more than two mobile stations per access point. In such examples,
the other pair connections are added as long as the total interference power

receive that each mobile station is less than the interference threshold.
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[8088] FIG. 915 a flowchart representative of example machine readable
mstructions which, when execuied, cause the example access point of FIGS. 1
and/or 4 to transmit data to a mobile station. The example process 900 of the
tHustrated example of FIG. 9 begins when the example network communicator
410 recetves a packet for transmission to a mobile station. The example
communications processor 420 inspects the packet to determine the identity of the
mobile station to which the packet is to be transmitted. {Block 910}. The example
communications processor 420 determines whether the access point and mobile
station pair are identified in the collaborative beamforming set. (Block 920). If the
identified mobile station is not identified as a mobile station that is associated
with the access point {e.g. the access point and mobile station are not identified as
an access point and mobile station pair in the collaborative beamforming set)
{e.g.. block 920 returns a result of N(), the example communications processor
420 coordinates with communications processors of other access points to
schedule a time for transmassion of the data to the mobile station. (Block 930).
According to the scheduling, the example communications processor 420 then
transmits the packet to the mobile station. {(Block 940}

{8081] H the identified mobile station is identified as a mobile station
associated with the access pomt in the collaborative beamforming set (e.g., block
920 returns a result of YES), the example conmmunications processor transnits the
packet to the mobile station (block 940} without delay. That is, the access point at
which the communications were received need not communicate with other
access points to schedule transmission of data to a mobile station because such
transmissions are already known to not cause interference between other access
point and mobile station pairs. The example process 9500 of the illustrated
example of FIG. 9 is repeated upon subsequent receipt of additional data packets
for transmission to a mobile station.

[0082] FIG. 10 is a flowchart representative of example machine readable
mstructions which, when execuied, cause the example mobile stalion to estimaie
imterference and apply equalization adjustments. The example process 1000 of
the iHlustrated example of FIG. 10 begins when the example wireless

communicator 510 of the example mobile station accesses a long training field
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message transmatted by an access point. (Block 1010). In examples disclosed
herein, the long training field message 1s transmitted from every access point, is
made to be mobile station specific, and is formed/multiplexad in the directions of
its primary users {e.g., the mobile station). In examples disclosed herein, the data
transmission follows a legacy protocol (e.g., IEEE 802 11ac, IEEE 802.11ax,
etc.}, with the exception that training fields are transmitted in a mobile station
specific {e.g., user-specific) fashion, are beamformed in the directions of all
mobile stations {e.g., users). Such an approach does not have any impact on user
channel estimation and/or the channel detection process. When receiving such
messages, the example channel! estimator 530 estimates interference received at
the mobile station. (Block 10620}, During such channel estimation, each mobile
statton is experiencing the same interference that 1t will receive during data
transnussion as ali access points in the collaborative beamforming set are
transmitiing a user specific long training field team formed message towards their
primary users. Such an approach results in adequate mnformation for implementing
accurate equalization at the mobile station. Using the estimaled interference
identified in block 1020, the example channel estimator applies equalization
adjustments o the example wireless communicator 510 based on the estimated
mierference. (Block 1030} The example process 1000 of the ilusirated example
of FIG. 10 may be repeated in response to subsequent long training field
messages.

[0083] FIG. 11 15 a block diagram of an example processor platform 1100
capable of executing the instructions of FIG. 6, and/or 8 1o implement the
example access point controlier of FIGS. 1 and/or 3. The processor platform
1100 can be, for example, a server, a personal computer, a mobile device (e.g., a
cell phone, a smart phone, a tablet such as an iPad™), a personal digital assistant
(PDA), an Intemet appliance. a DV D player, a CD plaver, a digital video
recorder, a Blu-ray player, a gaming console, a personal video recorder, a set top
box, or any other type of computing device.

[8084] The processor platform 1100 of the illustrated example includes a
processor 1112, The processor 1112 of the tHustrated example is hardware. For

example, the processor 1112 can be implemented by one or more integrated
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cireuits, logic circuits, microprocessors or controllers from any desired family or
manufacturer. The hardware processor may be a semiconductor based (e.g.,
silicon based) device. In this example, the processor 1112 implemenis the
example beamforming report collector 320, the example access point and mobile
station pair identifier 340, the example interference estimator 350, and the
example access point instructor 370,

{0088] The processor 1112 of the illustrated example includes a local
memory 1113 {e.g., a cache). The processor 1112 of the illustrated example 1s in
communication with a main memory including a volatite memory 1114 and a
non-volatile memory 1116 via a bus 1118, The volatile memory 1114 may be
tmplemented by Synchronous Dynamic Random Access Memory (SDRAM),
Dynamic Random Access Memory (BRAM), RAMBUS Dynamic Random
Accass Memory (RDRAM) and/or any other type of random access memory
device. The non-volatile memory 1116 may be implemented by flash memory
and/or any other desired type of memory device. Access 1o the main memory
1114, 1116 is controlled bv a memory controller.

[8086] The processor platform 1100 of the illustrated example also
includes an interface circuit 1120, The interface circuit 1120 may be
implemented by any type of interface standard, such as an Ethemet interface, a
universal serial bus (USB), and/or a PCI express interface. In this example, the
example interface 1120 implements the example access point communicator 310.

[8087] In the dlustrated example, one or more mput devices 1122 are
connected to the interface circuit 1120, The input device(s) 1122 permit{s) a user
to enter data and/or commands into the processor 1112, The input device(s} can
be implemented by, for example, an audio sensor, a nucrophone, a camera (still or
video), a keyboard, a button, a mouse, a touchscreen, a track-pad, a trackball,
1sopointt and/or a voice recognition systern.

[0088] One or more output devices 1124 are also connected 1o the
mterface circuit 1120 of the llustrated example. The output devices 1124 can be
implemented, for example, bv display devices (e.g., a light enutting diode (LED),
an organic hight emitting diode (OLED), a hguid crystal display, a cathode ray

tube display (CRT), a touchscreen, a tactile output device, a prinier and/or
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speakers). The interface circwnt 1120 of the Hustrated example, thus, typically
ncludes a graphics driver card, a graphics driver chip and/or a graphics driver
PrOCEssor.

{808%] The interface circuit 1120 of the illustrated example also includes a
communication device such as a transmitier, a receiver, a transcaiver, a modem
and/or network interface card to facilitate exchange of data with external
machines {(e.g., computing devices of any kind) via anetwork 1126 (e.g., an
Ethernet connection, a digital subscriber ling (DSL), a telephone hine, coaxial
cable, a celiular telephone system, etc.).

[98096] The processor platform 1100 of the illustrated example also
includes one or more mass storage devices 1128 for sioring software and/or data.
Examples of such mass storage devices 1128 include floppy disk dnives, hard
drive disks, compact disk drives, Blu-ray disk drives, RAID systems, and digital
versatile disk (DVD) drives.

[8091] The coded instructions 1132 of FIG. 8 may be stored in the mass
storage device 1128, in the volatile mmemory 1114, in the non-volatile memory
1116, and/or on a removable tangible computer readable storage medium such as
a CD or BVD. The example mass storage device 1128 of the illustrated example
of FIG. 11 implements the example beamforming report data store 330 and the
exarnple collaborative beamforming set data store 360,

{00921 FIG. 12 15 a block diagram of an example processor platform 1200
capable of executing the instructions of FIGS. 6, 7, and/or 9 to implement the
example access point of FIGS. 1 and/or 4. The processor platform 1200 can be,
for example, a server, a personal computer, a mobile device (e.g., a celi phong, a
smart phone, a tablet such as an iPad™), a personal digital assistant (PDA), an
Internet apphiance, a DVD player, a CD player, a digital video recorder, a Blu-ray
plaver, a gaming console, a personal video recorder, a set top box, or any other
tvpe of computing device.

{0093} The processor platform 1200 of the iustrated example includes a
processor 1212, The processor 1212 of the illustrated example 1s hardware. For
example, the processor 1212 can be implemented by one or more integrated

circuits, logic cireuits, microprocessors or controllers from any desired family or
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manufacturer. The hardware processor may be a semiconductor based {e.g.,
silicon based) device.  In this exarople, the processor 1212 implements the
example communications processor 420, the example array controlier 430, and
the example beamforming report requester 450,

18094] The processor 1212 of the tHustrated example mcludes a local
memory 1213 {e.g.. a cache). The processor 1212 of the illustrated example is in
communication with a main memory including a volatife memory 1214 and a
non-volatile memory 1216 via a bus 1218, The volatile memory 1214 may be
implemented by Synchronous Dynamic Random Access Memory (SDRAM),
Dvnamic Random Access Memory (DRAM), RAMBUS Dvnamic Random
Access Memory (RDRAM) and/or any other type of random access memory
device. The non-volatile memory 1216 may be implemented by flash memory
and/or any other desired tvpe of memory device. Access to the main memory
1214, 1216 is controlled by a memory controller.

{00951 The processor platform 1200 of the illustrated example also
mncludes an mterface circuit 1220, The interface circuit 1220 may be
implemented by any tvpe of interface standard, such as an Ethemet interface, a
universal serial bus (USB), and/or a PCI express interface. In the iustrated
example of FIG. 12, the example interface 1220 implements the exaraple network
communicator 410 and the example antenna array 440

{08096 In the illustrated example, one or more mput devices 1222 are
connected o the interface circuit 1220, The input device(s) 1222 permut(s) a user
to enter data and/or coramands into the processor 1212, The input device(s) can
be implemented by, for example. an audio sensor, a microphone, a camera (still or
video), a keyboard, a button, a mouse, a touchscreen, a track-pad, a trackball,
tsopoint and/or a voice recognition system,

[8097] One or more output devices 1224 are also connected to the
interface circuit 1220 of the lustrated example. The outpui devices 1224 can be
implemented, for example, by display devices {(e.g., a light emutting diode (LED),
an organic hight emitting diode (OLED), a ligmd crvstal display, a cathode ray
tube display (CRT), a touchscreen, a tactile output device, a printer and/or

speakers). The interface circuit 1220 of the ilustrated example, thus, typically
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mcludes a graphics driver card, a graphics driver chip and/or a graphics driver
PrOCESSOT,

[9098] The interface circuit 1220 of the itllustrated example also includes a
communication device such as a transmitter, a receiver, a transceiver, a modem
and/or network interface card to facilitate exchange of data with exiermnal
machines {(e.g., computing devices of any kind) via a network 1226 (e.g., an
Ethernet connection, a digital subscriber line (DSL), a telephone line, coaxial
cable, a cellular telephone system, etc.).

[8099] The processor platform 1200 of the illustrated example also
includes one or more mass storage devices 1228 for storing software and/or data.
Examples of such mass storage devices 1228 include floppy disk drives, hard
drive disks, compact disk dnves, Bhu-ray disk drives, RAID systems, and digital
versatile disk (BVD) drives.

[00100] The coded instructions 1232 of FIG. 9may be stored in the
mass storage device 1228, in the volatile memory 1214, in the non-volatile
memory 1216, and/or on a removable tangible computer readable storage medium
suchas a D or DVD.

{80101} FIG. 13 is a block diagram of an example processor
platform 1300 capable of executing the instructions of FIGS. 6, 7, and/or 10 1o
implement the example mobile station of FIGS. 1 and/or 5. The processor
platform 1300 can be, for example, a server, a personal computer, a mobile device
{e.g., a cell phone, a smart phone, a tablet such as an iPad™), a personal digital
assistant (PI3A), an Internet appliance, a DV D player, a CD player, a digital video
recorder, a Blu-ray plaver, a ganing console, a personal video recorder, a set top
box, or any other type of computing device.

[80102] The processor platform 1300 of the illusirated example
includes a processor 1312, The processor 1312 of the illustrated example is
hardware. For example, the processor 1312 can be implemented by one or more
mtegrated circuits, logie circuits, microprocessors or controllers from any desired
family or manufacturer. The hardware processor may be a semiconductor based

{e.g., silicon based} device. In this example, the processor 1312 implements the
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example bearnformang report generator 520, the example channel] estimator 530,
and the example native mobile station functionality 550

(90103} The processor 1312 of the illustrated example includes a
focal memory 1313 {e.g., a cache). The processor 1312 of the illustrated example
is in communication with a main memory including a volatile memory 1314 and a
non-volatile memory 1316 via a bus 1318, The volatile memorv 1314 may be
implemented by Synchronous Dynamic Random Access Memory {SDRAM),
Dynamic Random Access Memory (DRAM), RAMBUS Dynamic Random
Access Memory (RDRAM) and/or any other type of random access memory
device. The non-volatile memory 1316 may be implemented by flash memory
and/or any other desired tvpe of memory device. Access to the main memory
1314, 1316 1s controlled by a memory coniroller,

[00104] The processor platform 1300 of the illustrated example also
includes an mterface circuit 1320, The interface circuit 1320 may be
implemented by any type of interface standard, such as an Ethernet interface, a
universal serial bus (USB), and/or a PCI express interface. The example interface
circuit 1320 of the illustrated example of FIG. 13 implements the example
wireless communicator $10.

[00105] In the Hlustrated example, one or more input devices 1322
are conmected to the interface circuit 1320, The mput device(s) 1322 permit(s) a
user 1o enter data and/or commands into the processor 1312, The input device(s)
can be implemenied by, for example, an audio sensor, a microphone, a camera
(still or video), a kevboard, a button, a mouse, a touchscreen, a track-pad, a
trackball, isopoint and/or a voice recognition system.

{80106} One or more output devices 1324 are also connected to the
nterface circuit 1320 of the llustrated example. The output devices 1324 can be
implemented, for example, by display devices (e.g., a light emitting diode (LED),
an organic hght emitting diode {QLED), a liquid crystal display, a cathode ray
tube display {CRT), a touchscreen, a tactite ouiput device, a printer and/or
speakers). The mterface circwnt 1320 of the llustrated exarople, thus, typically
includes a graphics driver card, a graphics driver chip and/or a graphics driver

Processor.
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[B0107] The interface circuit 1320 of the tHustrated example also
includes a communication device such as a transnutter, a receiver, a transceiver, a
modem and/or network interface card to facilitate exchange of data with external
machines {e.g., computing devices of any kind) via a network 1326 (e.g., an
Ethernet connection, a digital subscriber line {DSL), a telephone line, coaxial
cable, a celiular telephone system, etc.).

[00108] The processor platform 1300 of the illustrated exampie also
mchudes one or more mass storage devices 13238 for storing software and/or data.
Examples of such mass storage devices 1328 include floppy disk drives, hard
drive disks, compact disk drives, Blu-ray disk drives, RAID systems, and digital
versatile disk (DVD) drives.

{80109} The coded instractions 1332 of FIG. 10 may be stored in
the mass storage device 1328, in the volatile memory 1314, in the non-volatile
memory 1316, and/or on a removable tangible computer readable storage madium
suchas aCD or DVD,

{00110} From the foregoing, it will be appreciated that example
methods, apparatus and articles of manufacture have been disclosed that enable
spatial reuse in a wireless network. For example, by collecting beamforming
reports from multiple access pomnts and the mobile stations that utilize those
access points, a set of access point and mobile station pairs can be identified to
form a collaborative beamforming set. The access point and mobhile station pairs,
when uiilized by the example access points, enable the access point(s) to transmit
data to their corresponding mobile devices withowt needing to schedule
transmissions among multiple access points. To that end, increased bandwidth
and/or data rates can be achieved as a result of the spatial reuse.

{80111} Example | includes an apparatus 1o enable spatial reuse in a
wireless network, the apparatus comprising a beamforming report collector {o
collect a plurality of beamforming reports from mobile stations communicatively
coupled 1o at least one access point of a plurality of access points, an access point
and mobile station pair identifier to identify a first access point and mobile station
pair based on a first one of the plurality of beamforming reports, the access point

and mobile station pair identifier to mclude the first access point and mobile
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station pair in a collaborative beamforming set, the access point and mobile
station pair identifier to identify a second access point and mobile station pair
based on a second one of the plurality of beamforming reports, an interference
estimator to estimate an amount of interference caused by inclusion of the second
access point and mobile station pair in the collaborative beamforming set, the
access point and mobile station pair identifier to add the second access point and
mobile station pair to the collaborative beamforming set when the estimated
amount of interference is less than an inter{erence threshold, and an access point
imstructor to inform the plurality of access points of the collaborative
beamforming set.

{06112} Example 2 includes the apparatus of example 1, wherein
the interference estimator is to estimate the amount of interference based on a
third one of the plurality of beamforming reports.

[00113] Example 3 includes the apparatus of example 2, wherein
the third one of the plurality of beamforming reports 1s a rank-1 beamforming
report.

{00114} Example 4 includes the apparatus of example 2, wherein
the first one of the plurality of beamforming reports and the second one of the
plurality of beamforming reports are a first type of beamforming report, and the
third one of the plurality of beamforming reports is a second tvpe of beamforming
report different from the first type of beamforming report.

[00115] Example 5 includes the apparatus of example 1, wherein
the beamforming report collector 1s to establish a a collaborative access point set
representing the plurality of access points that are to participate in collaborative
beamforming.

180116} Example 6 includes the apparatus of example 1, whereim
the first access pomnt and mobile station pair are to communicate using a
beamformed communication path.

[B0117] Example 7 includes the apparatus any of examples 1
through 6, wherein the beamforming report collector 15 to transnut a collaborative

beamforming null data packet message to the plurality of access points,
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[00118] Example 8 includes the apparatus of example 7, wherein
the collaborative beamforming null data packet roessage instructs respective ones
of the plurality of access points to sequentially transmit channel sounding
messages, and request the plurality of beamforming reports in response to the
channel sounding messages.

[00119] Exarple 9 includes the apparatus of example 8, wherein
the channel sounding messages are null data packet messages.

[00120] Example 10 mcludes a non-transitory computer readable
mediurn comprising mstructions which, when executed, cause an access point
controller to at least collect a plurality of beamforming reports from mobile
stations communicatively coupled to at least one access point of a plurality of
access points, identify g first access point and mobile station pair based on a first
one of the plurality of beamforming reports, include the first access point and
mobile station pair in a collaborative beamforming set, identify a second access
point and mobile station pair based on a second one of the plurality of
beamforming reports, estimate an amount of interference caused by inclusion of
the second access point and mobile station pair in the collaborative beamforming
set, add the second access point and mobile station pair o the collaborative
beamforming set when the estimated amount of interference 1s less than an
mterference threshold, and inform the plurality of access points of the
collaborative beamforming set.

[0121] Example 11 includes the non-iransttory compuier readable
mediurn of example 10, wherein the estitnating of the amount of interference 1s
based on a third one of the plurality of beamforming reports.

[80122] Example 12 includes the non-transitory computer readable
medium of example 11, wherein the third one of the plurality of beamforming
reports 15 a rank-1 beamfornung report.

[00123] Example 13 includes the non-iranstiory compuier readable
medium of example 11, wherein the first one of the plurality of beamforming
reports and the second one of the plurality of beamforming reports are a first type

of beamforming report, and the third one of the plurality of beamfornung reports
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i3 a second type of beamforming report ditferent from the first type of
heamforming report.

[90124] Example 14 includes the non-transiiory computer readable
medium of example 11, wherein the instructions, when execuied, cause the access
point controller to establish a collaborative access point set representing the
plurality of access points that are to participate in collaborative beamforming.

[00128] Example 13 includes the non-iranstiory compuier readable
medium of example 11, wherein the first access point and mobile station pair are
to cormnmunicate using a bearnformed communication path.

(90126} Fxample 16 includes the non-transitory compirter readable
medium of example 11, wherein the collecting of the plurality of beamforming
reports 1s 1 response to transnutting a collaborative beamforming null data packet
message to the plurality of access points.

[00127] Example 17 includes the non-iranstiory compuier readable
medium of example 16, wherein the collaborative beamforming null data packet
message instructs respective ones of the plurality of access points to sequentially
transmit channel sounding messages, and request the plurality of beamfornming
reports in response to the channel sounding meassages.

80128} Example 18 includes the non-transitory computer readable
medium of exaraple 17, wherein the channel sounding roessages are null data
packet messages.

[90129] Example 19 includes a method to enable spatial reuse in a
wireless network, the method comprising collecting a plurality of beamforming
reports from mobile stations communicatively coupled to at least one access point
of a plurality of access points, identifying a first access point and mobile station
pair based on a first one of the plurality of beamforming reports, including the
first access point and mobile station pair in a collaborative beamforming set,
tdentifving a second access point and mobtle station pair based on a second one of
the plurality of beamformung reports, estimating an amount of interference caused
by inclusion of the second access point and mobile station pair in the
collaborative beamforming set, adding the second access point and mobile siation

pair to the collaborative beamforming set when the estimated amount of
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mterference 1s less than an interference threshold, and informing the phurality of
access points of the collaborative bearnfornung set.

{00130} Example 20 includes the method of example 19, wherein
the estimating of the amount of interference is based on a third one of the plurality
of beamforming reports.

{00131} Exarple 21 mcludes the method of example 20, wherein
the third one of the plurality of beamforming reports s a rank-1 beamforming
report.

{00132} Example 22 imcludes the method of example 20, wherein
the first one of the plurality of beamforming reports and the second one of the
plurality of beamforming reports are a first type of beamfornung report, and the
third one of the plurality of beamforming reports is a second tvpe of beamforming

eport different from the first type of beamforming report.

[00133] Example 23 includes the method of example 19, further
mchuding establishing a collaborative access point set representing the plurality of
access points that are to participate in collaborative beamforming.

{00134] Example 24 includes the method of example 19, wherein
the first access point and mobile station pair are to communicate using a
beamformed communication path.

[00135] Exarmple 25 mcludes the method of any one of examples 19
through 24, wherein the collecting of the plurality of beamforming reports is in
response 1o transmitting a collaborative beamforming null data packet message to
the plurality of access points.

{00136] Example 26 includes the method of example 25, wherein
the collaborative beamforming null data packet message insiructs respective ones
of the plurality of access points to sequentially transmut channel sounding
messages, and request the plurality of beamforming reports in response to the
channel sounding messages.

[00137] Example 27 mcludes the method of example 26, wherein
the channel sounding messages are null data packet messages.

(90138} Fxample 28 includes an apparatus 1o enable spatial reuse in

a wireless network, the apparatus comprising means for collecting a plurality of
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beamforming reports from mobile stations coromunticatively coupled to at least
one access pount of a plurality of access points, means for identifving a first
access point and mobile station pair based on a first one of the plurality of
beamforming reports, means for including the first access point and mobile station
pair in a collaborative beamforming set, means for identifving a second access
point and mobile station pair based on a second one of the plurality of
beamforming reports, means for estimating an amount of interference caused by
mclusion of the second access point and mobile station pair in the collaborative
beamforming set, means for adding the second access point and mobile station
pair to the collaborative beamfornming set when the estimated amount of
interference is less than an interference threshold, and means for informing the
plurality of access points of the collaborative beamtforming set.

[00139] Exarple 29 ncludes the apparatus of example 28, wherein
means for estimaiing estimaies the amount of interference based on a third one of
the plurality of beamformung reports.

{00140} Example 30 includes the apparatus of example 29, wherein
the third one of the plurality of beamforming reports is a rank-1 beamforming
report.

{00141} Example 31 mcludes the apparatus of example 29, wherein
the first one of the plurality of beamforming reports and the second one of the
plurality of beamforming reports are a first type of beamfornming report, and the
third one of the plurality of beamforming reports is a second type of beamnforming
report different from the first type of beamforming report.

90142} Fxample 32 includes the apparatus of example 28, further
including means for establishing a collaborative access point set representing the
plurality of access points that are to participate o collaborative beamforming.

[00143] Exarple 33 mcludes the apparatus of example 28, wherein
the first access point and mobile station pair are 1o communicaie using a
beamformed communication path.

{00144 Example 34 imcludes the apparatus of any one of examples
28 through 33, further including means for transnutting a collaborative

beamforming null data packet message to the plurality of access points.
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[00145] Example 35 includes the apparatus of example 34, wherein
the collaborative beamforming null data packet roessage instructs respective ones
of the plurality of access pomnts to sequentially transmit channel sounding
messages, and request the plurality of beamforming reports in response to the
channel sounding messages.

[00146] Example 36 includes the apparatus of example 35, wherein
the channel sounding messages are null data packet messages.

[90147] Although certain example methods, apparatus and articles
of manufacture have been disclosed herein, the scope of coverage of this patent is
not imited thereto. On the contrary, this patent covers all methods, apparatus and

articles of manufacture fairly falling within the scope of the claims of this patent.
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What Is Claimed Is:
1. An apparatus to enable spatial reuse 1o a wireless network, the apparatus
COMprising:

a beamforming report collector to collect a plurality of beamforming
reports from mobile siations communicatively coupled fo at least one access point
of a plurality of access pomts;

an access point and mobile station pair identifier to identify a first access
point and mobile station pair based on a first one of the plurality of beamforming
reports, the access point and mobile station pair identifier to include the first
access point and mobile station pair in a collaborative beamforming set, the
access point and mobile station pair identifier to ideniifv a second access point
and mobile station pair based on a second one of the plurality of beamforming
reports:

an interference estimator to estimate an amount of interference caused by
mclusion of the second access point and mobile station pair in the collaborative
heamforming set, the access poimnt and mobile station pair identifier to add the
second access point and mobile station pair to the collaborative beamforming set
when the estimated amount of interference is less than an mnterference threshold;
and

an access point mstructor to inform the plurality of access points of the

collaborative beamforming set.

2. The apparatus of claim 1, wherein the mterference estimator is to estimate
the amount of interference based on a third one of the plurality of beamforming

reports.

3. The apparatus of claim 2, wherein the third one of the plurality of

beamforming reports is a rank-1 beamforming report.
4. The apparatus of claim 2, wherein the first one of the plurality of
beamforming reporis and the second one of the plurality of beamforming reports

are a first type of beamforming report, and the third one of the plurality of
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beamforming reports i3 a second type of beamforming report different from the

first type of beamforming report.

5. The apparatus of claim 1, wherein the beamforming report collector is to
establish a collaborative access point set representing the plurality of access

points that are to participate in collaborative beamforming.

6. The apparatus of claim 1, wherein the first access point and mobile station

pair are to communicate using a beamformed communication path.

7. The apparatus any of claims 1 through 6, wherein the beamforming report
collector is o transmit a collaborative beamforming noll data packet message 1o

the plurality of access points.

8. The apparatus of claim 7, wherein the collaborative beamforming null data
packet message instructs respective ones of the plurality of access points to
sequentially transmit channel sounding messages, and request the plurality of

beamforming reports in response to the channel sounding messages.

9. The apparatus of claim 8, wherein the channel sounding messages are null

data packet messages.

10. A non-transitory computer readable medium comprising instructions
which, when executad, cause an access point controller to at least:

collect a plurality of beamforming reports from mobile stations
conmnunicatively coupled fo at least one access point of a plurality of access
points;

identify a first access point and mobile station pair based on a first one of
the plurality of beamformung reports;

mnclude the first access point and mobile station pair in a collaborative

beamforming set;
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tdentify a second access point and mobile station pair based on a second
one of the plurality of beamforming reports;

estimate an amount of interference caused by inclusion of the second
access point and mobile station pair in the collaborative beamforming set;

add the second access point and mobile station pair to the collaborative
beamforming set when the estimated amount of interference 1s less than an
interference threshold; and

mform the plurality of access points of the collaborative beamforming set.

1t The non-transitory computer readable medium of claim 10, wherein the
estimating of the amount of interference is based on a third one of the plurality of

beamforming reports.

12, The non-transitory computer readable medium of claim 11, wherein the

third one of the plurality of beamforming reports is a rank-1 beamforming report.

13, The non-transitory computer readable medium of claim 11, wherein the
first one of the plurality of beamforming reports and the second one of the
plurality of beamforming reports are a first type of beamforming report, and the
third one of the plurality of beamforming reports is a second tvpe of beamforming

eport different from the first type of beamforming report.

14, The non-transitory cormputer readable medium of claimn 10, wherein the
mnstructions, when executed, cause the access point controlier to establish a
collaborative access point set representing the plurality of access points that are to

participate in collaborative beamforming.
15. The non-transitory computer readable medium of claim 10, wherein the

first access point and mobile stalion patr are to communicate using a beamformed

communication path.
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16, The non-transtiory cornputer readable medium of claim 10, wherein the
collecting of the plurality of bearaformang reports is in respouse to fransoitiing a
collaborative beamforming null data packet message to the plurality of access

points.

17. A method to enable spatial reuse in a wireless network, the method
comprising:

collecting a plurality of beamforming reports from mobile stations
communicatively coupled to at least one access point of a plurality of access
points;

identifying a first access point and mobile station pair based on a first one
of the plurality of beamforming reports;

mcluding the first access point and mobile station pair in a collaborative
beamforming sat;

wdentifyving a second access point and mobile station pair based on a
second one of the plurality of bearnfornung reports;

estimating an amount of interference caused by inclusion of the second
access point and mobife station pair in the collaborative beamforming set;

adding the second access point and mobile station patr to the collaborative
bearnfornming set when the estimated amount of interference is less than an
interference threshold; and

mforming the plurality of access points of the collaborative beamforming

18. The method of claim 17, wherein the estimating of the amount of

interference is based on a third one of the plurality of beamforming reports.

19, The method of claim 18, wherein the third one of the plurality of

beamforming reports i3 a rank-1 beamforming report.

20, The method of claim 18, wherein the first one of the plurality of

beamforming reports and the second one of the plurality of beamforming reporis
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are a first type of beamforming report, and the third one of the phurality of
beamforming reports is a second type of beamforming report different from the

first type of beamforming report.

21 The method of claim 17, Rurther including establishing a collaborative
access point set reprasenting the plurality of access points that are fo participate in

collaborative beamforming.

22, The method of any one of claims 17 through 23, wherein the collecting of
the plurality of beamforming reports is in response to transmitting a collaborative

beamforming null data packet message to the plurality of access points.

23 The method of claim 22, wherein the collaborative beamforming null data
packet message instructs respective ones of the plurality of access points io
sequentially transmit chanmel sounding messages, and request the plurality of

beamforming reports in response to the channel sounding messages.

24. The method of claim 23, wherein the channel sounding messages are null

data packet messages.

25. An apparatus to enable spatial reuse in a wireless network, the apparatus
comprising:  means for collecting a plurality of beamforming reports from
mobile stations communicatively coupled to at least one access point of a plurality
of access points;

means for identifying a first access point and mobile station pair based on
a first one of the plurality of beamforming reports;

means for including the first access point and mobile station pairin a
collaborative beamforming set;

means {or identifving a second access point and mobile station pair based
on a second one of the plurality of beamforming reports;

means for estimating an amount of interference caused by inclusion of the

second access point and mobile station pair in the collaborative beamforming set:
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means for adding the second access point and mobile station pair to the
collaborative beamforming set when the estimated amount of interference is less
than an interference threshold; and

means for informing the plurality of access points of the collaborative

beamforming set.
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