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(57) Abstract: In a method for reducing interference in a first wireless communication network and a second wireless communica-
tion network, a first access point (AP) device of the first wireless communication network coordinates with a second AP device of
the second wireless communication network with respect to utilizing transmit beamforming at the first AP device and transmit beam-
forming at the second AP device for the purpose of reducing interference in the first wireless communication network and the second
wireless communication network. Based on coordinating with the second AP device, the first AP device uses a beamforming matrix
to transmit, via a multiple input, multiple output (MIMO) communication channel, to one or more first stations in the first wireless
communication network for mitigating interference between the first wireless communication network and the second wireless com-
munication network.
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METHOD AND APPARATUS FOR MITIGATING INTERFERENCE IN A
WIRELESS NETWORK THROUGH USE OF TRANSMIT BEAMFORMING

CROSS-REFERENCES TO RELATED APPLICATION

[0001] The present application is a continuation-in-part of U.S. Application No.
14/249,760, filed on April 10, 2014, entitled “Method and Apparatus for Mitigating
Interference in a Wireless Network through Use of Transmit Beamforming,” which
claims the benefit of U.S. Provisional Patent Application No. 61/810,602, entitled
“Interference Mitigation by TxBF,” filed on April 10, 2013. Both of the applications

referenced above are incorporated herein by reference in their entireties.

[0002] Additionally, the present application claims the benefit of U.S. Provisional
Patent Application No. 61/857,936, entitled “Interference Mitigation by TxBF,” filed

on July 24, 2013, which is incorporated herein by reference in its entirety

FIELD OF TECHNOLOGY

[0003] The present disclosure relates generally to communication systems and, more
particularly, to reducing co-channel interference in wireless local area networks

(WLANG).

BACKGROUND

[0004] Wireless local area network (WLAN) technology has evolved rapidly over
the past decade. Development of WLAN standards such as the Institute for Electrical
and Electronics Engineers (IEEE) 802.11a, 802.11b, 802.11g, and 802.11n Standards
has improved single-user peak data throughput. For example, the IEEE 802.11b
Standard specifies a single-user peak throughput of 11 megabits per second (Mbps),
the IEEE 802.11a and 802.11g Standards specify a single-user peak throughput of 54
Mbps, and the IEEE 802.11n Standard specifies a single-user peak throughput of 600
Mbps. Work has begun on a new standard, IEEE 802.11ac, that promises to provide

even greater throughput.
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SUMMARY

[0005] In an embodiment, a method for reducing interference in a first wircless
communication network and a second wireless communication network includes
coordinating, at a first access point (AP) device of the first wireless communication
network, with a second AP device of the second wireless communication network
with respect to utilizing transmit beamforming at the first AP device and transmit
beamforming at the second AP device for the purpose of reducing interference in the
first wireless communication network and the second wireless communication
network; and based on coordinating with the second AP device, using a beamforming
matrix at the first AP device to transmit, via a multiple input, multiple output (MIMO)
communication channel, to one or more first stations in the first wireless
communication network for mitigating interference between the first wireless

communication network and the second wireless communication network.

[0006] In other embodiments, the method includes any suitable combination of one

or more of the following features.

[0007] The method further includes at least one of: 1) determining, at the first AP,
the beamforming matrix based on an estimate of the MIMO communication channel,
wherein the MIMO communication channel is between the first AP and a particular
first station in the first wireless communication network, or ii) receiving, at the first
AP, the beamforming matrix, the beamforming matrix having been generated based
on the estimate of the MIMO communication channel between the first AP and the

particular first station.
[0008] The MIMO communication channel is below 6 GHz.
[0009] The MIMO communication channel is above 2 GHz.

[0010] Coordinating comprises: synchronizing, at the first AP, downlink
transmissions of the first AP that utilize transmit beamforming with downlink

transmissions of the second AP that utilize transmit beamforming.
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[0011] Coordinating further comprises: determining a performance metric associated
with reception of a first beamformed packet transmitted from the first AP to a
particular first station in the first wireless communication network, wherein
transmission of the first beamformed packet overlaps in time with transmission of a
second beamformed packet from the second AP to a second station in the second
wireless communication network; and selecting, based on the determined performance
metric, the particular first station for a scheduled future beamformed transmission
from the first AP that overlaps in time with a future beamformed transmission from

the second AP to the second station.

[0012] The method further includes selecting, at the first AP, the beamforming

matrix from a plurality of pre-generated beamforming matrices.

[0013] The beamforming matrix is a first beamforming matrix from the plurality of
pre-generated beamforming matrices; using the first beamforming matrix comprises
using the first beamforming matrix at a first time; and the method further includes:
selecting, at the first communication device, a second beamforming matrix from the
plurality of pre-generated beamforming matrices, and using the second beamforming
matrix at the first communication device at a second time; and coordinating comprises
coordinating the first time and the second time with the second AP device for the
purpose of reducing interference in the first wireless communication network and the

second wireless communication network.

[0014] Using the first beamforming matrix at the first time comprises using the first
beamforming matrix to transmit a broadcast packet from the first AP device; and
using the second beamforming matrix at the second time comprises using the second

beamforming matrix to re-transmit the broadcast packet from the first AP device.

[0015] In another embodiment, an apparatus corresponding to a first access point
(AP) device configured to operate in a first wireless communication network
comprises a network interface device including 1) a media access control (MAC)

processing unit, and ii) a physical layer (PHY) processing unit coupled to the MAC
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processing unit. The network interface device is configured to coordinate with a
second AP device of a second wireless communication network with respect to
utilizing transmit beamforming at the first AP device and transmit beamforming at the
second AP device for the purpose of reducing interference in the first wireless
communication network and the second wireless communication network, and based
on coordinating with the second AP device, use a beamforming matrix to transmit, via
a multiple input, multiple output (MIMO) communication channel, to one or more
first stations in the first wireless communication network for mitigating interference
between the first wireless communication network and the second wireless

communication network.

[0016] In other embodiments, the apparatus includes any suitable combination of

one or more of the following features.

[0017] The PHY processing unit is configured to at least one of: i) determine the
beamforming matrix based on an estimate of the MIMO communication channel,
wherein the MIMO communication channel is between the first AP and a particular
first station in the first wireless communication network, or ii) receive the
beamforming matrix, the beamforming matrix having been generated based on the
estimate of the MIMO communication channel between the first AP and the particular

first station.
[0018] The MIMO communication channel is below 6 GHz.
[0019] The MIMO communication channel is above 2 GHz.

[0020] The network interface device is further configured to: synchronize downlink
transmissions of the first AP that utilize transmit beamforming with downlink

transmissions of the second AP that utilize transmit beamforming.

[0021] The network interface device is further configured to: determine a
performance metric associated with reception of a first beamformed packet
transmitted from the first AP to a particular first station in the first wireless

communication network, wherein transmission of the first beamformed packet
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overlaps in time with transmission of a second beamformed packet from the second
AP to a second station in the second wireless communication network; and select,
based on the determined performance metric, the particular first station for a
scheduled future beamformed transmission from the first AP that overlaps in time

with a future beamformed transmission from the second AP to the second station.

[0022] The PHY processing device is further configured to select the beamforming

matrix from a plurality of pre-generated beamforming matrices.

[0023] The beamforming matrix is a first beamforming matrix from the plurality of
pre-generated beamforming matrices; the network interface device is configured to:
use the first beamforming matrix at a first time, and select a second beamforming
matrix from the plurality of pre-generated beamforming matrices, use the second
beamforming matrix at a second time, and coordinate the first time and the second
time with the second AP device for the purpose of reducing interference in the first

wireless communication network and the second wireless communication network.

[0024] The network interface device is further configured to: use the first
beamforming matrix at the first time comprises to transmit a broadcast packet; and use
the second beamforming matrix at the second time to re-transmit the broadcast packet

from the first AP device.

[0025] In yet another embodiment, a system comprises a first access point (AP)
device configured to operate in a first wireless communication network, the first AP
device having a first network interface device; and a second AP device configured to
operate in a second wireless communication network, the second AP device having a
second network interface device. The first network interface device is configured to
coordinate with the second AP device with respect to utilizing transmit beamforming
at the first AP device and transmit beamforming at the second AP device for the
purpose of reducing interference in the first wireless communication network and the
second wireless communication network, and based on coordinating with the second

AP device, use a first beamforming matrix to transmit, via a first multiple input,
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multiple output (MIMO) communication channel, to one or more first stations in the
first wireless communication network for mitigating interference between the first
wireless communication network and the second wireless communication network.
The second network interface device is configured to coordinate with the first AP
device with respect to utilizing transmit beamforming at the first AP device and
transmit beamforming at the second AP device for the purpose of reducing
interference in the first wireless communication network and the second wireless
communication network, and based on coordinating with the first AP device, use a
second beamforming matrix to transmit, via a second MIMO communication channel,
to one or more second stations in the second wireless communication network for
mitigating interference between the first wireless communication network and the

second wireless communication network.

[0026] In other embodiments, the system includes any suitable combination of one

or more of the following features.

[0027] The first network interface device and the second network interface device
are further configured to: synchronize downlink transmissions of the first AP that
utilize transmit beamforming with downlink transmissions of the second AP that

utilize transmit beamforming.

[0028] The first network interface device is further configured to select the first

beamforming matrix from a plurality of pre-generated beamforming matrices.

[0029] The first network interface device is configured to: use the first beamforming
matrix at a first time, and select a third beamforming matrix from the plurality of pre-
generated beamforming matrices, use the third beamforming matrix at a second time,
and coordinate the first time and the second time with the second AP device for the
purpose of reducing interference in the first wireless communication network and the

second wireless communication network.

[0030] The first network interface device is further configured to: determine a

performance metric associated with reception of a first beamformed packet
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transmitted from the first AP to a particular first station in the first wireless
communication network, wherein transmission of the first beamformed packet
overlaps in time with transmission of a second beamformed packet from the second
AP to a second station in the second wireless communication network; and select,
based on the determined performance metric, the particular first station for a
scheduled future beamformed transmission from the first AP that overlaps in time

with a future beamformed transmission from the second AP to the second station.

BRIEF DESCRIPTION OF THE DRAWINGS

[0031] Fig. 1 is a block diagram of an example wireless local area network (WLAN)
communication system in which an access point (AP) uses interference mitigation

techniques such as described herein, according to an embodiment.

[0032] Fig. 2 is a diagram illustrating an example of a plurality of WLAN APs that
are densely deployed.

[0033] Fig. 3A is a block diagram of an example communication system in which a
plurality of APs have overlapping service areas and use beamforming to mitigate

interference, according to an embodiment.

[0034] Fig. 3B is a block diagram of another example communication system in
which a host coordinates a plurality of APs to mitigate interference, according to an

embodiment.

[0035] Fig. 4A is a diagram of a service areca of an example AP in which the AP

transmits in sectors using beamforming matrices, according to an embodiment.

[0036] Fig. 4B is a diagram of a plurality of example APs transmitting broadcast
packets to different sectors at a time t; to mitigate interference, according to an

embodiment.
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[0037] Fig. 4C is a diagram of the plurality of APs of Fig. 4B transmitting the
broadcast packets to different sectors at a time t, to mitigate interference, according to

an embodiment.

[0038] Fig. 5 is a flow diagram of an example method for reducing interference with

other wireless network devices, according to an embodiment.

[0039] Fig. 6 is a flow diagram of an example method for reducing interference with

other wireless network devices, according to an embodiment.

[0040] Fig. 7 is a flow diagram of another example method for reducing interference

between multiple wireless communication networks, according to an embodiment.

DETAILED DESCRIPTION

[0041] In various embodiments described below, a first communication device (e.g.,
an access point) in a first wireless network uses a transmit beamforming matrix for the
purpose of reducing interference to a second wireless network, the interference to the

second wireless network caused by the first communication device transmitting to one

or more second communication devices (e.g., clients) in the first wireless network.

[0042] Fig. 1 is a block diagram of an example WLAN 10 in which devices such as
an AP 14 and client devices 25 exchange information using OFDM (Orthogonal
Frequency-Division Multiplexing) techniques in a multiple input, multiple output
(MIMO) mode, according to an embodiment. The AP 14 includes a host processor 15
coupled to a network interface 16. The network interface 16 includes a medium
access control (MAC) processing unit 18 and a physical layer processing unit 20. The
PHY processing unit 20 includes a plurality of transceivers 21, and the transceivers
are coupled to N antennas 24, where N is a suitable positive integer. In Fig. 1, the AP
has the same number of transceivers 21 as antennas 24, but in other embodiments, the
AP 14 includes different a different number of transceivers 21 than antennas 24 (e.g.,
there a more antennas than transceivers and antenna switching techniques are

utilized). In Fig. 1, three transceivers 21 and three antennas 24 are illustrated, but in
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other embodiments, the AP 14 includes different suitable numbers of transceivers 21
and antennas 24. (e.g., 1,2, 4, 5, 6, 8, etc.). In one embodiment, the MAC processing
unit 18 and the PHY processing unit 20 are configured to operate according to a
communication protocol generally similar to the IEEE 802.11n Standard and/or the
IEEE 802.11ac Standard (e.g.,, a communication protocol that supports beamforming

(“a beamforming protocol”)), for example.

[0043] The network interface device 16 (e.g., the MAC processing unit 18 and/or the
PHY processing unit 20) is configured to perform beamforming training procedures
with client devices 25, in some embodiments. For example, the network interface
device 16 is configured to transmit beamforming training signals to the client device
25 and, in response, receive beamforming feedback from the client device 23, in some
embodiments. For example, the beamforming feedback includes a forward channel
estimate, and the network interface device 16 (e.g., the PHY processing unit 20) is
configured to determine a transmit beamforming matrix based on the forward channel
estimate, in an embodiment. As another example, the beamforming feedback includes
an indication of the transmit beamforming matrix (e.g., the transmit beamforming
matrix, a compressed form of the transmit beamforming matrix, an index to be used
for looking up the transmit beamforming matrix in a table, etc.), and the network
interface device 16 (e.g., the PHY processing unit 20) is configured to determine the

transmit beamforming matrix based on the indication, in an embodiment.

[0044] In some embodiments, the network interface device 16 (e.g., the MAC
processing unit 18 and/or the PHY processing unit 20) is configured to perform
implicit beamforming training procedures with a client device 25 in order to determine
a transmit beamforming matrix. For example, in some embodiments, the network
interface device 16 (e.g., the PHY processing unit 20) is configured to receiving
beamforming training signals from the client device 25 and to determine an estimate
of a reverse channel based on the received beamforming training signals. The

network interface device 16 (e.g., the PHY processing unit 20) is configured to
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determine, based on the determined estimate of the reverse channel, a transmit

beamforming matrix for use in transmitting to the client device 25.

[0045] In some embodiments, the network interface device 16 (e.g., the PHY
processing unit 20) includes a memory to store a plurality of pre-generated
beamforming matrices. For example, in an embodiment, the plurality of pre-generated
beamforming matrices includes respective beamforming matrices corresponding to
respective beamforming sectors. In some embodiments, the network interface device
16 (e.g., the PHY processing unit 20) is configured to select a beamforming matrix
from the plurality of pre-generated beamforming matrices, and then use the selected

beamforming matrix.

[0046] A client device 25-1 includes a host processor 26 coupled to a network
interface 27. The network interface 27 includes a MAC processing unit 28 and a PHY
processing unit 29. The PHY processing unit 29 includes a plurality of transceivers
30, and the transceivers are coupled to a plurality of antennas 34. Although the same
number of transceivers 30 and antennas 34 are illustrated in Fig. 1, the client device
25-1 includes different numbers of transceivers 30 and antennas 34, in other
embodiments. Although three transceivers 30 and three antennas 34 are illustrated in
Fig. 1, the client device 25-1 includes different suitable numbers (e.g., 1, 2, 4, 5, etc.)
of transceivers 30 and antennas 34 in other embodiments. The transceiver(s) 30 is/are
configured to transmit generated data streams via the antenna(s) 34. Similarly, the

transceiver(s) 30 is/are configured to receive data streams via the antenna(s) 34.

[0047] The network interface device 27 (e.g., the MAC processing unit 28 and/or the
PHY processing unit 29) is configured to perform beamforming training procedures
with the AP 14, in some embodiments. For example, the network interface device 27
is configured to receive beamforming training signals from the AP 14 and, in
response, generate beamforming feedback and transmit the beamforming feedback to
the AP 14, in some embodiments. For example, the network interface device 27 (e.g.,
the PHY processing unit 29) is configured to determine forward channel estimate

based on the received training signals, in an embodiment. The network interface

10
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device 27 (e.g., the PHY processing unit 29) is configured to transmit an indication of
the forward channel estimate (e.g., the forward channel estimate or a compressed form

of the forward channel estimate) to the AP 14, in an embodiment.

[0048] In some embodiments, the network interface device 27 (e.g., the PHY
processing unit 29) is configured to determine, based on the forward channel estimate,
a transmit beamforming matrix to be used by the AP 14. The network interface device
27 (e.g., the PHY processing unit 29) is configured to transmit beamforming feedback
to the AP 14 that includes an indication of the determined transmit beamforming
matrix (e.g., the transmit beamforming matrix, a compressed form of the transmit
beamforming matrix, an index to be used for looking up the transmit beamforming

matrix in a table, etc.), in an embodiment.

[0049] In some embodiments, the network interface device 27 (e.g., the PHY
processing unit 29) is configured to transmit to the AP 14 beamforming training

signals as part of an implicit beamforming training procedure.

[0050] In an embodiment, one or both of the client devices 25-2 and 25-3 have a
structure the same as or similar to the client device 25-1. In these embodiments, the
client devices 25 structured like the client device 25-1 have the same or a different
number of transceivers and antennas. For example, the client device 25-2 has only

two transceivers and two antennas, according to an embodiment.

[0051] In an embodiment, the PHY processing unit 20 and the PHY processing unit
29 are configured to utilize interference mitigation techniques in conjunction with
utilizing MIMO communication channels below 6 GHz. In an embodiment, the PHY
processing unit 20 and the PHY processing unit 29 are configured to utilize
interference mitigation techniques in conjunction with utilizing MIMO

communication channels between 2 GHz and 6 GHz.

[0052] Fig. 2 is a diagram illustrating an example of a plurality of WLAN APs that
are densely deployed. Each AP coordinates a respective basic service set (BSS).

Because the dense deployment, the each BSS overlaps with one or more other BSSs

11
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(i.e., overlapping BSSs (OBSSs)). With OBSSs, co-channel interference (CCI), may
reduce performance, sometimes significantly. For instance, in the 2.4 GHz band there
are only three 20 MHz channels, so the ability to avoid interference by using different

channels is limited, and CCI and/or OBSS can be a major issue.

[0053] When an OBSS collision happens (e.g., a packet transmitted from a member
of a first BSS is received by a member of a second BSS), two categories of impact,

corresponding to unicast packets and broadcast packets, are generally expected.

[0054] With a collision involving a unicast packet (e.g., a unicast packet transmitted
from a member of a first BSS is received by a member of a second BSS), receipt of
the unicast packet may trigger a clear channel assessment (CCA) process, and may
initiate a PHY processing device of the receiver to start PHY decoding of the unicast
packet. Eventually, a MAC processing device of the receiver will determine that a
MAC address in the unicast packet does not match an address of the receiver and
further processing of the packet will end. The CCA process, however, will determine
that the channel is busy until the end of the unicast packet and thus transmission by
the device that receives the unicast packet at least until the end of the unicast packet

will be blocked.

[0055] With a collision involving a broadcast packet (e.g., a broadcast packet such
as a management frame, a control frame, etc., transmitted from a member of a first
BSS is received by a member of a second BSS), receipt of the broadcast packet may
trigger CCA, PHY processing, and MAC processing such as discussed above.
Moreover, the MAC processing may continue processing a management frame until
the end of the packet. Such MAC processing may result in the setting of a network
allocation vector (NAV), which may correspond to a duration longer than the duration
of the broadcast packet. Thus, transmission by the device that receives the broadcast
packet may be blocked for an even longer duration than with the unicast packet

scenario.

12



WO 2015/013401 PCT/US2014/047809

[0056] In WLANS configured according to any of the IEEE 802.11a/g/n/ac or the
IEEE 802.11 high efficiency WLAN (HEW) standard (now under development), there
are two broad categories of transmission types: 1) contention-based transmissions in
which devices compete for the media on per-packet basis, and i) transmit opportunity
(TxOP) protected transmissions (time sharing) in which devices compete for the
media by reserving a service period (e.g., a TXOP period) using request to send (RTS)
and clear to send (CTS) exchange or CTS-to-self frames. WLAN systems configured
according to any of the IEEE 802.11a/g/n/ac/HEW standards are sometimes referred
to herein as “WiFi systems”. In contention-based transmissions, CCI/OBSS will
cause a higher chance for collisions when a so-called “hidden node” scenario occurs
(i.e., a hidden node scenario occurs when an AP can hear two STAs, but the STAs
cannot hear each other). With TxOP protected transmissions, CCI/OBSS will result in
shorter TxOP periods because more devices in a given vicinity are trying to reserve a
TxOP period. For example, an AP or STAs of a first BSS that overlaps with a second
BSS may overhear RTS/CTS exchanges of the second BSS.

[0057] In an ideal situation in which all RTS/CTS exchanges and CTS-to-self
transmissions can be heard by all devices in OBSSs, no collisions ought to happen. In
this case, the sum throughput can be estimated as an average of single-link
throughput, which is not catastrophic. In reality, however, different APs are not
coordinated, and perfect time sharing is almost not possible. Collisions among OBSS
will happen and significantly affect sum throughput, and for some users the effects of
such collisions may be catastrophic (e.g., near zero throughput). For example, in
some scenarios, RTS/CTS/CTS-to-self frames themselves could be under collision
and/or not decodable by hidden nodes, and thus some device may not be able to obtain

a TxOP period.

[0058] As discussed in more detail below, WLAN transmit beamforming (TxBF)
technology is utilized to mitigate negative effects of CCI/OBSS. For example, TxBF
increases SNR at intended devices within a BSS and, at least in some scenarios,

decreases SNR at unintended devices in a neighboring BSS. In some embodiments,

13
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TxBF exploits spatial diversity gain. Such use of TxBF will outperform open loop
(unsteered) MIMO transmission, at least in some embodiments, especially when the
number of transmit antennas (Ny) exceeds the number of spatial streams (Nss). In
some embodiments in which MIMO-OFDM is utilized, TxBF strategies are for each
(group of adjacent) subcarrier(s). TxBF techniques described herein are accomplished
solely using digital signal processing techniques, and do not utilize directional

antennas.

[0059] Fig. 3A is a block diagram of an environment in which multiple APs are
operating, each AP corresponding to a different WLAN, according to an embodiment.
In the example of Fig. 3A, two APs 102, 104 have overlapping respective service
areas. In an embodiment, AP1 102 has a structure the same or similar to the AP 14

(Fig. 1), and AP2 104 has a structure the same or similar to the AP 14 (Fig. 1).

[0060] To reduce interference with the second wircless network associated with AP2
104, AP1 102 performs beamforming, using a beamforming matrix, when transmitting
data streams to a client device 106 in the first wireless network. The beamforming
matrix may be determined based on measuring the channel between AP1 102 and the

client device 106.

[0061] With reference to Figs. 1 and 3A, the PHY processing unit 29 of the client
device 106 performs channel measurements, based on training signals received from
the AP 14, to generate a channel estimate represented by a matrix H. The channel
matrix H is generally is of dimension Ny x N1y, where Nty is the number of transmit
antennae at AP1 102 and Ny, is the number of receive antennae at the client device
106. The channel estimate H is an estimate of a forward channel from the AP1 102 to

the client 106.

[0062] In an embodiment, the client device 106 then transmits the channel estimate
(e.g., the matrix H or a compressed form of H) to the PHY processing unit 20 of AP1
102, and as a result AP1 102 generates a beamforming matrix Q based on the channel

estimate. The beamforming matrix Q is generally of dimension Nty x Ngg, where Ny

14



WO 2015/013401 PCT/US2014/047809

is the number of transmit antennae at AP1 102 and Ngg is the number of spatial
streams that AP1 102 uses for transmission to the client device 106. Alternatively,
the client device 106 may generate a beamforming matrix based on the channel
estimate and transmit an indication of the beamforming matrix Q (e.g., the matrix Q, a

compressed form of Q, an index to permit looking up Q in a table, etc.) to AP1 102.

[0063] In other embodiments and/or scenarios, knowledge of the forward channel is
determined by AP1 102 using knowledge of a reverse channel from the client device
106 to the AP1 102. Obtaining knowledge of the reverse channel includes the AP1
102 receiving known training signals from the client device 106. The AP1 102 then
generates a measurement or estimate of the reverse channel based on the received
training signals. The AP1 102 then utilizes the reverse channel estimate to determine
an estimate of the forward channel using a suitable technique. The AP1 102 next
generates the transmit beamforming matrix using the forward channel estimate as
described above. In some embodiments, the transmit beamforming matrix may be
generated from the estimate of the reverse channel without first using the estimate of

the reverse channel to calculate an estimate of the forward channel.

[0064] In other embodiments, the beamforming matrix Q is not generated based on a
measurement of the channel, but is instead a pre-generated beamforming matrix stored
in a memory. As discussed above, a plurality of pre-generated matrices may be stored
in the memory, and the AP1 102 may select the beamforming matrix Q from the

plurality of pre-generated matrices.

[0065] In any event, once the beamforming matrix Q is generated or selected, AP1
102 transmits data to the client device 106 utilizing the beamforming matrix Q for the
purpose of reducing interference caused by AP1 102 transmitting the data to the client
device 106, in an embodiment. In some scenarios, the AP1 102 using the
beamforming matrix Q results in reducing interference, by the AP1 102, to
communications in the second wireless network, ¢.g., communications between the

AP2 104 and the client device 108.
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[0066] In an embodiment, AP2 104 also similarly uses a beamforming matrix
determined based on a channel estimate of a communication channel between AP2
104 and client device 108, or uses a selected, pre-generated beamforming matrix, for
the purpose of reducing interference caused by AP2 104 transmitting the data to the
client device 108, in an embodiment. In some scenarios, the AP2 104 similarly using
a beamforming matrix Q results in reducing interference, by the AP2 104, to
communications in the first wireless network, ¢.g., communications between the AP1

102 and the client device 106.

[0067] According to an embodiment in which orthogonal frequency division
multiplexing (OFDM) is utilized, N channel estimate matrices are generated for the
multiple OFDM tones utilized for transmission, and N (or some suitable number less
than N) TxBF matrices are generated using the N (or a suitable number less than N)
channel estimate matrices. In some embodiments and/or scenarios, N does not
correspond to the total number of OFDM tones, but corresponds to a subset of the
total number of OFDM tones. For example, in some embodiments, respective TxBF
matrices are generated for different adjacent groups of OFDM tones (e.g., a respective

TxBF matrix for a respective group of adjacent OFDM tones).

[0068] In some embodiments, such TxBF increases the robustness against CCI. For
instance, the CCI is not white (e.g., like an intended signal, CCI travels through
wireless channels), and hence the CCI fluctuates significantly across different tones.
Some tones could have a very low SINR. In some embodiments, a WLAN utilizes bit
interleaved coded modulation OFDM (BICM-OFDM) where performance is mainly
determined by a few weakest tones (e.g., tones with the worst SINR). Therefore, a
few tones with bad SINR may significantly drag down overall throughput, at least in
some embodiments. As a result, an X decibel (dB) reduction in time domain SINR
may cause a transmit power vs. decibel-miniWatt (TP-vs-dBm) performance drop for
much more than X dB. In some embodiments, TxBF leverages array gain plus

diversity gain, so TxBF increases the intended signal strength at each tone. In
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particular, TxBF may “save” the few bad tones (e.g., OFDM tones with poor SINR)

and provide good performance even under strong CCI.

[0069] Compared with prior art non-beamforming (omni) systems, more energy is
“focused” to the “direction” of the intended client on average, and thus the energy
leakage to other unintended devices may also be reduced on average, at least in some
embodiments. The degree of reduction of energy leakage to other unintended devices
may depend on geometrical locations of various devices in the OBSS. For example, if
an unintended device is in the same general direction as an intended device, TxBF to

the intended device typically will not reduce energy leakage to the unintended device.

[0070] When each of all (or most) adjacent APs utilize TxBF to their own sets
clients, the overall SINR at each client and each AP in the whole area can be greatly

improved, and thus overall network throughput may also be greatly improved.

[0071] TxBF improves per-client throughput, hence reducing the airtime for fixed
quantity of data for each client. The reduced airtime requirements also reduce CCI.
For example, a typical usage case in a public WiFi hotspot is Internet browsing,
texting, etc.—with fixed data amount (e.g. load a webpage, transmit a text message,
etc.). Airtime for the fixed-amount service data is reduced proportionally to
throughput increase brought by TxBF. Shorter airtime further reduces the chance of
OBSS collisions (interference) to adjacent BSSs, and it also reduces required TxOP

durations.

[0072] When CCI/OBSS happens in a perfect time sharing scenario (which is an
unrealistic assumption), the throughput gain from TxBF should be just the averaged
TxBF gain in link level (e.g., typically 6~12 dB for a system with 4 transmit antennas
at the beamformer (e.g., the access point) and one receive antenna at the beamformee
(e.g., the client), depending on channel conditions). On the other hand, for realistic
collision scenarios, TXBF could lead to much larger percentage gains in throughput,
especially for clients with catastrophic impacts from OBSS collisions that would

occur without TxBF.
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[0073] With systems configured according to the 802.11ac standard or the 802.11
HEW standard, because an AP could transmit in channels that occupy 80 MHz or
even 160 MHz, OBSS on secondary channels will likely happen more frequently, and
thus more collisions will happen. Accordingly, in systems configured according to the
802.11ac standard or the 802.11 HEW standard, TxBF will likely be even more

helpful, at least in some embodiments.

[0074] In some embodiments, AP1 102 and AP2 104 are communicatively coupled
via a communication link 112 separate from the first wireless network and the second
wireless network. In some embodiments, AP1 102 and AP2 104 coordinate transmit
beamforming for the purpose of mitigating interference to the second wireless
network caused by AP1 102 transmitting in the first wireless network, and/or
interference to the first wireless network caused by AP2 104 transmitting in the

second wireless network.

[0075] In some embodiments, an AP, such as AP1 102 and/or AP2 104, does not
need to recognize that other APs are within an overlapping service area before
performing beamforming. Instead, in an embodiment, beamforming is performed
regardless to reduce the likelihood of interference with any APs that may transmit

signals in an overlapping service area.

[0076] In other embodiments, AP1 102 communicates with AP2 104 to determine
whether interference mitigation techniques, such as described herein, should be
utilized. In an embodiment, AP1 102 and AP2 104 perform transmit beamforming
when transmitting to intended client devices so that both AP1 102 and AP2 104

reduce interference with the other wireless network.

[0077] Further, according to one embodiment, AP1 102 selects a transmit
opportunity period for transmitting first data to one or more intended client devices
106. AP1 102 communicates the transmit opportunity period to AP2 104 so that AP2
104 transmits second data to its intended client devices 108 during a time period that

coincides with the transmit opportunity period communicated by AP1 102. For
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example, AP1 102 may designate times t;, t4, t7, ti9, €tc., as transmit opportunity
periods, and AP2 104 also transmits to client devices 108 at times t;, t4, t7, ti9, etc. In
an embodiment, AP1 102 and AP2 104 also coordinate uplink time slots (e.g., uplink
time slots are scheduled to occur alternatively between the first wireless network and
the second wireless network) so that AP1 102 and AP2 104 receive signals from their
respective intended client devices at different times to avoid collisions. For example,
AP1 102 and AP2 104 may agree that times t,, ts, tg, etc., are designated as uplink time
slots for AP1 102 to receive signals from client devices 106, and that e times ts, tg, to,
etc., are designated as uplink time slots for AP2 104 to receive signals from client
devices 108. In some embodiments, during designated uplink time slots for AP2 104,

AP1 102 may go to sleep (e.g., enter a power save mode) to conserve power.

[0078] In another embodiment, a computer (e.g., a communication device) separate
from AP1 102 and AP2 104 coordinates transmit beamforming for the purpose of
mitigating interference to the second wireless network caused by AP1 102
transmitting in the first wireless network, and/or interference to the first wireless
network caused by AP2 104 transmitting in the second wireless network. Turning
now to Fig. 3B, in an embodiment, a computer 130 is communicatively coupled to
AP1 102 via a communication link 134 separate from the first wireless network and
the second wireless network. Additionally, the host computer 130 is communicatively
coupled to AP2 104 via a communication link 138 separate from the first wireless
network and the second wireless network. The computer 130 coordinates transmit
beamforming for the purpose of mitigating interference to the second wireless
network caused by AP1 102 transmitting in the first wireless network, and/or
interference to the first wireless network caused by AP2 104 transmitting in the

second wireless network.

[0079] While two APs 102 and 104 and one client device corresponding to each AP
are illustrated in Figs. 3A and 3B, other embodiments may include different suitable

numbers (e.g., 3, 4, 5, 6, etc.) of APs and different suitable numbers (e.g., 2, 3, 4, 5, 6,
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etc.) of client devices corresponding to each AP. In these embodiments, one or

several APs may participate in coordinating beamforming for the plurality of APs.

[0080] Additionally, while one computer 130 (e.g., a communication device) is
illustrated in Fig. 3B, any suitable number of computer may be used to coordinate

beamforming for multiple APs.

[0081] In some embodiments, interference mitigation techniques such as described
above are utilized in conjunction with an AP transmitting unicast and/or multicast

packets, and single-user and/or multi-user transmissions.

[0082] Fig. 4A is a diagram of an example AP 202 according to an embodiment. AP
202, which has a structure the same or similar to the AP 14 of Fig. 1, is configured to
use pre-generated beamforming matrices to transmit to different sectors within a
service area 220. In particular, AP 202 is configured to use a respective pre-generated
beamforming matrix to transmit to one of sectors 204, 206, 208, and 210 that
generally cover the service area 220. For example, in one embodiment, AP 202
retrieves a first beamforming matrix when AP 202 is to transmit to sector 204, and
then utilizes the first beamforming matrix to transmit to sector 204; AP 202 retrieves
a second beamforming matrix when AP 202 is to transmit to sector 206, and then
utilizes the second beamforming matrix to transmit to sector 206; AP 202 retrieves a
third beamforming matrix when AP 202 is to transmit to sector 208, and then utilizes
the third beamforming matrix to transmit to sector 208; and AP 202 retrieves a fourth
beamforming matrix when AP 202 is to transmit to sector 210, and then utilizes the
fourth beamforming matrix to transmit to sector 210. In some embodiments, the
preloaded beamforming matrix is calibrated by measuring the channel quality at two
receivers (receiver 1 and receiver 2, not shown) in different sectors. For example,
receiver 1 is placed in sector 204 while receiver 2 is placed in sector 206. The AP 202
then transmits training signals using the first beamforming matrix designed to direct
the training signals to sector 204. Both receiver 1 and receiver 2 measure the signal
quality of the received signals, by for example measuring corresponding received

signal strength indicators (RSSIs). The first beamforming matrix is then adjusted until
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the RSSI is maximized at sector 204 and minimized at sector 206, in an embodiment.
For example, the first beamforming matrix may be adjusted until the RSST exceeds a
first predetermined threshold in the desired direction and the RSSI drops below a
second predetermined threshold in the undesired direction. The adjusted
beamforming matrix is then stored for future use when transmitting to sector 204 is
desired. Beamforming matrices corresponding to the other sectors may be similarly

adjusted, in an embodiment.

[0083] In an embodiment, the AP 202 transmits broadcast packets to one sector of
service area 220 at a time, transmitting the broadcast packets to the whole service area
after several time intervals. For example, the AP 202 selects a transmit opportunity
period, t;, to transmit broadcast packets to sector 204. At time t;, the AP 202 utilizes
the first beamforming matrix to transmit the broadcast packet to sector 204.
Moreover, the AP 202 selects a different transmit opportunity period, t;, to transmit
the broadcast packet to sector 206. At time t,, the AP 202 utilizes the second
beamforming matrix to transmit the broadcast packet to sector 206. The AP 202 may
then continue to transmit the broadcast packet in this manner until the broadcast
packet has been transmitted to the whole service area. While four sectors are
illustrated in Fig. 4A, and thus it would take four time intervals to transmit data
streams to the whole service area 220, a service area may be divided into any suitable
number (e.g., two, three, five, six, etc.) of sectors. Therefore, it may take any suitable
number of time intervals (e.g., two, three, five, six, etc.) for the AP 202 to transmit

data streams to the entire service area 220, one sector at a time.

[0084] Additionally, multiple APs which are broadcasting packets may coordinate
with one other (and/or via a computer similar to the system of Fig. 3B) so that the APs
broadcasts packets to non-overlapping sectors (or sectors with minimal or reduced
overlap. For example, Fig. 4B is a diagram of an example system comprising four
APs, AP1 232, AP2 234, AP3 236 and AP4 238 260. The four APs coordinate with

one another other (and/or via a computer similar to the system of Fig. 3B) to
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determine when to broadcast in which sectors to minimize interference caused by the

broadcasts, in an embodiment.

[0085] For example, AP1 232 broadcasts in a sector 242 during a time period t;;
AP2 234 broadcasts in a sector 244 during the time period t;; AP3 236 broadcasts in a
sector 246 during the time period t;; and AP4 238 broadcasts in a sector 248 during

the time period t;.

[0086] On the other hand, Fig. 4C is a diagram of the example system of Fig. 4B
during a time period t;. AP1 232 broadcasts in a sector 252 during the time period t;
AP2 234 broadcasts in a sector 254 during the time period t,; AP3 236 broadcasts in a
sector 256 during the time period ty; and AP4 238 broadcasts in a sector 258 during

the time period t,.

[0087] In an embodiment, the time period t; and the time period t, may correspond

to different transmit opportunity (TXOP) periods.

[0088] In some embodiments, multiple APs may coordinate with one other (and/or
via a computer similar to the system of Fig. 3B) so that the APs schedule respective
downlink TXOPs to correspond to a same time period and to use beamforming
techniques, such as described above, during the TXOPs. Similarly, in some
embodiments, multiple APs may coordinate with one other (and/or via a computer
similar to the system of Fig. 3B) to schedule respective uplink time slots so that
transmissions of respective clients in respective wireless networks have no or reduced
collisions. In some of such embodiments, when there are no scheduled uplink
transmissions to a particular AP during an uplink time slot, the particular AP
optionally may go into a low power mode (e.g., a sleep mode) during the uplink time

slot.

[0089] In some embodiments, two or more APs may coordinate by at least applying
probing and/or training during a TxOP period in which both APs transmit respective
beamformed packets to respective ones of their clients simultaneously. In an

embodiment, the APs analyze performance metrics regarding the reception of the
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beamformed packets. For example, in various embodiments, the APs analyze one of
or any suitable combination of two or more of: i) SINR measurements corresponding
to the beamformed packets, ii) individual throughput measurements corresponding to
the beamformed packets, iii) a sum of throughput measurements corresponding to the
beamformed packets, etc. Analyzing a performance metric includes, in some
embodiments, comparing the performance metric (e.g., an SINR measurement, an
individual throughput measurement, a sum throughput measurement, etc.) to a suitable
threshold to determine if the performance metric meets the threshold (e.g., is greater
than, is greater than or equal to, etc.). For example, in an embodiment, if one or more
performance metrics meet one or more respective suitable thresholds, performance is
determined, by the APs, to be acceptable. As another example, in an embodiment, if
at least a minimum number of performance metrics meet respective suitable

thresholds, performance is determined, by the APs, to be acceptable.

[0090] Ifitis determined that performance is acceptable, then the APs intentionally
schedule respective TxOPs to the respective clients, so that respective transmissions
during the respective TxOPs occur at the same time (e.g., overlap in time), but TxBF
may acceptably mitigate any resulting interference. If it is determined that
performance is not acceptable, then the APs may apply probing and/or training, as
discussed above, with different sets their clients. The process may be repeated to find
multiple sets of clients to which the multiple APs can transmit simultaneously using

TxBF, where TxBF may acceptably mitigate any resulting interference.

[0091] In other embodiments, coordination techniques similar to those described
above are utilized without training/probing. Rather, for example, a first AP tries
transmitting a beamformed packet to a selected client of the first AP (e.g., selected
randomly or using another suitable selection technique) using TxBF during a first
TxOP known to correspond in time with a second TxOP of a second AP and also
known likely result in collisions with transmissions by the second AP to a second
client of the second AP. Similar to techniques discussed above, the first AP analyzes

performance metrics regarding the reception of the beamformed packet. If it is
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determined that performance is acceptable, then the first AP and the second AP
intentionally schedule respective TxOPs to the first client and the second client, so
that respective transmissions during the respective TxOPs occur at the same time (e.g.,
overlap in time), but TxBF may acceptably mitigate any resulting interference. If it is
determined that performance is not acceptable, then the first AP may analyze the
reception of a beamformed packet to another selected client of the first AP transmitted
during a third TxOP known to correspond in time with a fourth TxOP of the second
AP and also known likely result in collisions with transmissions by the second AP to
the second client of the second AP. . The process may be repeated to find multiple
sets of clients to which the multiple APs can transmit simultaneously using TxBF,

where TxBF may acceptably mitigate any resulting interference.

[0092] In some embodiments, each AP 232, 234, 236, 238 may use TxBF to
transmit broadcast packets (e.g., management frames, control frames, etc.) to a single
sector, and the APs 232, 234, 236, 238 coordinate (e.g., according to the geometry of
the locations of the APs 232, 234, 236, 238) to cover the whole service area with
minimum CCI. On the other hand, in some embodiments, each AP 232, 234, 236, 238
may use TxBF to transmit broadcast packets (e.g., management frames, control
frames, etc.) to a single sector at any given time, but re-transmit the broadcast packets
to other sectors at other times. The APs 232, 234, 236, 238 coordinate to avoid two or

more APs transmitting overlapping broadcast signals at a given time.

[0093] In some embodiments, each AP 232, 234, 236, 238 may use TxBF to
transmit a respective unicast packet to a single respective sector, and the APs 232,
234, 236, 238 coordinate (e.g., according to the geometry of the locations of the APs
232,234, 236, 238) so that no two APs transmit overlapping signals at a given time.
Similarly, in some embodiments, each AP 232, 234, 236, 238 may use TxBF to
transmit one or more unicast packets to a single sector at any given time, but transmit
other unicast packets to other sectors at other times. The APs 232, 234, 236, 238

coordinate to avoid two or more APs transmitting overlapping signals at a given time.
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[0094] In various embodiments, techniques described above can be combined in any
suitable combination. As an illustrative example, in an embodiment, a network
interface of an AP may be configured to utilize the beamforming techniques described
above with respect to Fig. 3A and/or Fig 2B, for example, when transmitting unicast
packets (and/or multicast packets, (and/or single user transmissions and/or multi-user
transmissions), and use beamforming techniques described above with respect to Fig.

4A and/or Fig 3B and/or Fig. 4C, for example, when transmitting broadcast packets.

[0095] Fig. 5 is a flow diagram of an example method 400 for reducing interference
in wireless communications. The method 400 is implemented at a first
communication device that belongs to a first wireless network (e.g., a WLAN or
another suitable wireless network). The method 400 is implemented by the network
interface 16 of access point 14, in an embodiment, and the method 400 is discussed
with reference to Fig. 1 for illustrative purposes. In other embodiments, the method
400 is implemented by another suitable communication device, e.g. by a suitable

network interface device of the communication device.

[0096] At block 404, the first communication device determines a beamforming
matrix based on an estimate of a MIMO communication channel between the first
communication device and a second communication device in the first wireless

network, in an embodiment.

[0097] Alternatively at block 404, in another embodiment, the first communication
device receives the beamforming matrix, the beamforming matrix having been
generated based on the estimate of the MIMO communication channel. For example,
as discussed above, the second communication may generate a beamforming matrix
for use by the first communication device, and then the second communication device

may transmit the beamforming matrix to the first communication device.

[0098] In an embodiment, the PHY processing unit 20 is configured to implement

block 404.
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[0099] At block 408, the first communication device uses the beamforming matrix
for the purpose of reducing interference to a second wireless network caused by the
first communication device transmitting to the second communication device via the
MIMO communication channel. For example, in an embodiment, the beamforming
matrix comprises gain factors and phase factors, and the first communication device
uses the gain factors and phase factors to modify signals to be transmitted prior to the

signals being applied to multiple antennas of the first communication device.

[00100] In an embodiment, the PHY processing unit 20 is configured to apply the
beamforming matrix to signals that will be transmitted via the multiple antennas of the
first communication device. In an embodiment, the network interface 16 is configured
to implement block 408 (e.g., the PHY processing unit 20 is configured to implement
block 408, or the MAC processing unit 18 and the PHY processing unit 20 are
configured to jointly implement block 408).

[00101] In some embodiments, the MIMO communication channel utilized in
conjunction with the method 400 is below 6 GHz. In some embodiments, the MIMO
communication channel utilized in conjunction with the method 400 is between 2 GHz
and 6 GHz. In some embodiments, the MIMO communication channel utilized in
conjunction with the method 400 is below 10 GHz. In some embodiments, the MIMO
communication channel utilized in conjunction with the method 400 is between 1 GHz

and 10 GHz.

[00102] Fig. 6 is a flow diagram of an example method 500 for reducing
interference in wireless communications. The method 500 is implemented at a first
communication device that belongs to a first wireless network (e.g., a WLAN or
another suitable wireless network). The method 500 is implemented by the network
interface 16 of access point 14, in an embodiment, and the method 500 is discussed
with reference to Fig. 1 for illustrative purposes. In other embodiments, the method
500 is implemented by another suitable communication device, e.g. by a suitable

network interface device of the communication device.
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[00103] At block 504, the first communication device selects a beamforming matrix
for communicating with one or more second communication devices in the first

wireless network via a communication channel below 6 GHz. In some embodiments,
the communication channel is between 2 GHz and 6 GHz. In other embodiments, the

communication channel is between 1 GHz and 10 GHz.

[00104] In some embodiments, the beamforming matrix is selected from a plurality
of pre-generated beamforming matrices using techniques such as described above. In
an embodiment, the plurality of pre-generated beamforming matrices includes

multiple beamforming matrices corresponding to different sectors.

[00105] In an embodiment, the PHY processing unit 20 is configured to implement

block 504.

[00106] At block 508, the first communication device uses the beamforming matrix
for the purpose of reducing interference to a second wireless network caused by the
first communication device transmitting to the one or more second communication
devices via the communication channel. For example, in an embodiment, the
beamforming matrix comprises gain factors and phase factors, and the first
communication device uses the gain factors and phase factors to modify signals to be
transmitted prior to the signals being applied to multiple antennas of the first

communication device.

[00107] In an embodiment, the PHY processing unit 20 is configured to apply the
beamforming matrix to signals that will be transmitted via the multiple antennas of the
first communication device. In an embodiment, the network interface 16 is configured
to implement block 508 (e.g., the PHY processing unit 20 is configured to implement
block 508, or the MAC processing unit 18 and the PHY processing unit 20 are
configured to jointly implement block 508).

[00108] Fig. 7 is a flow diagram of an example method 600 for reducing
interference in wireless communications. The method 600 is implemented at a first

AP device of a first wireless network (e.g., a WLAN or another suitable wireless
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network) and at a second AP device of a second network. The method 600 is
implemented at least partially by the network interface 16 of access point 14 and in a
network interface (not shown) of another AP device (not shown in Fig. 1), in an
embodiment. For example, the first AP device of the method 600 corresponds to the
AP 14 of Fig. 1, and the other AP device (not shown in Fig. 1) corresponds to the
second AP device of Fig. 1. The second AP device has a same structure or a similar

structure to the AP 14 of Fig. 1, in various embodiments.

[00109] At block 604, the first AP device coordinates with the second AP device
with respect to utilizing transmit beamforming for the purpose of reducing
interference between the first wireless communication network and the second
wireless communication network. For example, in some embodiments, block 604
includes the first AP device and the second AP device synchronizing downlink
transmissions of the first AP device that utilize transmit beamforming with downlink
transmissions of the second AP that utilize transmit beamforming, such as described
above. In some embodiments, block 604 includes coordinating the transmission of

broadcast packets to sectors, such as described above with respect to Figs. 4B and 4C.

[00110] At block 608, the first AP device and the second AP device use
beamforming matrices for the purpose of reducing interference between the first
wireless communication network and the second wireless communication network. In
some embodiments, the first AP device and the second AP device determine the
beamforming matrices based on channel estimates, such as discussed above. In some
embodiments, the beamforming matrices are selected, respectively, from first and
second pluralities of pre-generated beamforming matrices using techniques such as
described above. In an embodiment, the first and second pluralities of pre-generated
beamforming matrices each include multiple beamforming matrices corresponding to

different sectors.

[00111] In some embodiments, the first AP device and the second AP device utilize

a communication channel below 6 GHz. In some embodiments, the communication
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channel is between 2 GHz and 6 GHz. In other embodiments, the communication

channel is between 1 GHz and 10 GHz.

[00112] In some embodiments, interference mitigation techniques such as described
above are utilized in response to determining that transmissions from the first
communication device are causing interference, in an embodiment, or are likely to
cause interference, in an embodiment, to the second wireless network. For example,
in an embodiment, the first communication device may detect transmissions from the
second wireless network, and in response interference mitigation techniques such as
described above. For example, it may be assumed that, because the first
communication device detected transmissions from the second wireless network,
transmissions from the first communication device are likely causing interference to
the second wireless network. As another example, it may be assumed that, because
the first communication device detected transmissions from the second wireless
network, transmissions from the second wireless network are likely causing
interference to the first wireless network and thus use of TxBF techniques in the first

wireless network will improve throughput of the first wireless network.

[00113] As another example, in an embodiment, the first communication device may
determine whether transmissions from a second wireless network meet a signal
strength criteria (e.g., a measure of signal strength (e.g., power, RSSI, etc.) meets a
threshold (e.g., exceeds the threshold, is greater than or equal to the threshold, etc.);
and in response to the transmissions from the second wireless network meeting the
criteria, interference mitigation techniques such as described above may be utilized.
For example, it may be assumed that, because the first communication device detects
transmissions from the second wireless network that meet the signal strength criteria,
the second wireless network is likely near to the first communication device and
transmissions from the first communication device are likely causing interference to
the second wireless network. As another example, it may be assumed that, because
the first communication device detects transmissions from the second wireless

network that meet the signal strength criteria, transmissions from the second wireless
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network are likely causing interference to the first wireless network and thus use of
TxBF techniques in the first wireless network will improve throughput of the first

wireless network.

[00114] In some embodiments, interference mitigation techniques such as described
above are utilized in response to determining that a communication device (e.g., an
AP or a client) in the second wireless network is within a particular distance from the
first communication device (e.g., the AP of the first wireless network). For example,
in an embodiment, the first communication device may determine a location of a
communication device (e.g., an AP or a client) in the second wireless network, and
determine whether the location of the communication device in the second wireless
network is within a particular distance from the first communication device. For
example, in an embodiment, the first communication device (e.g., the AP of the first
wireless network) may calculate or estimate a distance between the first
communication device and the communication device in the second wireless network,
and compare the distance to a threshold. If the distance meets the threshold (e.g., is
less than the threshold, less than or equal to the threshold), the first communication
device may utilize interference mitigation techniques such as described above. In
some embodiments, the first communication device may estimate a distance between
the first communication device and the device in the second wireless network based
on a measure of signal strength with regard to transmissions from the device in the

second wireless network.

[00115] In some embodiments, the first communication device utilizes interference
mitigation techniques such as described above in response to receiving a
communication (e.g., a request for the first communication device to use utilize
interference mitigation techniques, a notification that the first communication device
is causing interference to the second wireless network, etc.), from a device in the
second wireless network. In some embodiments, the communication is received via a
communication link different from communication channels used in the first wireless

network and the second wireless network.
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[00116] At least some of the various blocks, operations, and techniques described
above may be implemented in hardware, a processor executing firmware and/or

software instructions, or any combination thereof.

[00117] When implemented utilizing a processor executing software or firmware
instructions, the software or firmware instructions may be stored in any non-
transitory, tangible computer readable medium or media such as a magnetic disk, an
optical disk, a RAM or ROM or flash memory, a memory of a processor, a hard disk
drive, an optical disk drive, a tape drive, etc. The software or firmware instructions
may include machine readable instructions stored on a memory or other tangible, non-
transitory computer-readable storage medium that, when executed by the processor,

cause the processor to perform various acts.

[00118] When implemented in hardware, the hardware may comprise one or more of
discrete components, an integrated circuit, an application-specific integrated circuit

(ASIC), a programmable logic device (PLD), etc.

[00119] Further aspects of the present invention relates to one or more of the

following clauses.

[00120] In one embodiment, a method for reducing interference in wireless
communications comprises at least one of 1) determining, at a first communication
device, a beamforming matrix based on an estimate of a multiple input, multiple
output (MIMO) communication channel between the first communication device and
a second communication device, wherein the first communication device and the
second communication device belong to a first wireless network or ii) receiving, at the
first communication device, the beamforming matrix, the beamforming matrix having
been generated based on the estimate of the MIMO communication channel. The
method further comprises using the beamforming matrix at the first communication
device for the purpose of reducing interference to a second wireless network caused

by the first communication device transmitting to the second communication device
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via the MIMO communication channel, wherein the second wireless network omits

the first communication device.

[00121] In other embodiments, the method includes any suitable combination of one

or more of the following features.

[00122] Determining, at the first communication device, the estimate of the MIMO

communication channel.

[00123] Determining the estimate of the MIMO communication channel includes
receiving the estimate of the MIMO communication channel from the second

communication device.

[00124] The MIMO communication channel is below 6 GHz and/or the MIMO

communication channel is above 2 GHz.
[00125] The second wireless network omits the second communication device.

[00126] Determining, at the first communication device, that the first
communication device transmitting to the second communication device via the
MIMO communication channel will cause interference to the second wireless
network; wherein using the beamforming matrix at the first communication device for
the purpose of reducing interference to the second wireless network is performed in
response to determining that the first communication device transmitting to the second
communication device via the MIMO communication channel will cause interference

to the second wireless network.

[00127] In another embodiment, an apparatus corresponding to a first
communication device comprises a network interface including i) a media access
control (MAC) processing unit, and ii) a physical layer (PHY) processing unit coupled
to the MAC processing unit. The PHY processing unit is configured to at least one of
1) determine a beamforming matrix based on an estimate of a multiple input, multiple
output (MIMO) communication channel between the first communication device and
a second communication device, wherein the first communication device and the

second communication device belong to a first wireless network, or ii) receive the
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beamforming matrix, the beamforming matrix having been generated based on the
estimate of the MIMO communication channel. Moreover, the network interface is
configured to use the beamforming matrix for the purpose of reducing interference to
a second wireless network caused by the first communication device transmitting to
the second communication device via the MIMO communication channel, wherein the

second wireless network omits the first communication device.

[00128] In other embodiments, the apparatus includes any suitable combination of

one or more of the following features.

[00129] The PHY processing unit is configured to determine the estimate of the

MIMO communication channel.

[00130] The PHY processing unit is configured to determine the estimate of the
MIMO communication channel based on receiving the estimate of the MIMO

communication channel from the second communication device.

[00131] The MIMO communication channel is below 6 GHz and/or the MIMO

communication channel is above 2 GHz.
[00132] The second wireless network omits the second communication device.

[00133] The network interface is further configured to determine that the first
communication device transmitting to the second communication device via the
MIMO communication channel will cause interference to the second wireless
network. To use the beamforming matrix at the first communication device for the
purpose of reducing interference to the second wireless network is performed in
response to determining that the first communication device transmitting to the second
communication device via the MIMO communication channel will cause interference

to the second wireless network.

[00134] In yet another embodiment, a method for reducing interference in wireless
communications comprises selecting, at a first communication device, a beamforming
matrix. The first communication device belongs to a first wireless network, and the

first communication device communicates with one or more second communication
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devices in the first wireless network via a communication channel below 6 GHz. The
method further comprises using the beamforming matrix at the first communication
device for the purpose of reducing interference to a second wireless network caused
by the first communication device transmitting to the one or more second
communication devices via the communication channel, wherein the second wireless

network omits the first communication device.

[00135] In other embodiments, the method includes any suitable combination of one

or more of the following features.

[00136] The first communication is communicatively coupled, via a communication
link separate from the first wireless network and the second wireless network, to a
third communication device. Selecting the first beamforming matrix from the
plurality of pre-generated beamforming matrices is performed in coordination with the
third communication device and/or the third communication device belongs to the

second wireless network.

[00137] The first communication device is a first access point (AP) of the first
wireless network, and/or the third communication device is a second AP of the second

wireless network.

[00138] The first AP coordinates with the second AP so that the first AP uses the
first beamforming matrix for a first downlink transmission when the second AP is
scheduled to perform a second downlink transmission, and/or the first AP coordinates
with the second AP so that the first AP schedules one or more first uplink
transmissions in the first wireless network at times different than when the second AP

schedules one or more second uplink transmissions in the second wireless network.

[00139] Using the beamforming matrix comprises using the beamforming matrix to
transmit a broadcast packet from the first communication device to multiple second

communications devices.
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[00140] Selecting the beamforming matrix comprises selecting, at the first
communication device, the beamforming matrix from a plurality of pre-generated

beamforming matrices.

[00141] The beamforming matrix is a first beamforming matrix from the plurality of
pre-generated beamforming matrices. Using the first beamforming matrix comprises
using the first beamforming matrix at a first time and the method further comprises
selecting, at the first communication device, a second beamforming matrix from the
plurality of pre-generated beamforming matrices, and using the second beamforming
matrix at the first communication device at a second time for the purpose of reducing
interference to the second wireless network caused by the first communication device
transmitting to the one or more second communications device via the communication

channel.

[00142] Using the first beamforming matrix at the first time comprises using the first
beamforming matrix to transmit a broadcast packet from the first communication
device, and using the second beamforming matrix at the second time comprises using
the second beamforming matrix to re-transmit the broadcast packet from the first

communication device.
[00143] The communication channel is above 2 GHz.

[00144] In another embodiment, an apparatus corresponding to a first
communication device comprises a network interface including i) a media access
control (MAC) processing unit, and ii) a physical layer (PHY) processing unit coupled
to the MAC processing unit. The first communication device belongs to a first
wireless network, and the first communication device communicates with one or more
second communication devices in the first wireless network via a communication
channel below 6 GHz. Moreover, the network interface is configured to select a
beamforming matrix and use the beamforming matrix at the first communication
device for the purpose of reducing interference to a second wireless network caused

by the first communication device transmitting to the one or more second
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communication devices via the MIMO communication channel. The second wireless

network omits the first communication device.

[00145] In other embodiments, the apparatus includes any suitable combination of

one or more of the following features.

[00146] The first communication is communicatively coupled, via a communication
link separate from the first wireless network and the second wireless network, to a
third communication device and network interface is configured to select the first
beamforming matrix from the plurality of pre-generated beamforming matrices is

performed in coordination with the third communication device.

[00147] A system comprising the apparatus as mentioned above and the third

communication device.

[00148] The first communication device is a first access point (AP) of the first
wireless network, and the third communication device is communicatively coupled to

a second AP of the second wireless network.

[00149] The third communication device is configured to: coordinate the first AP
and the second AP so that the network interface uses the first beamforming matrix for
a first downlink transmission when the second AP is scheduled to perform a second
downlink transmission. The third communication device is further configured to:
cause the first AP to schedule one or more first uplink transmissions in the first
wireless network at times different than when the second AP schedules one or more

second uplink transmissions in the second wireless network.

[00150] The first communication device is a first access point (AP) of the first
wireless network, and the third communication device is a second AP of the second

wireless network.

[00151] The first AP coordinates with the second AP so that the network interface
uses the first beamforming matrix for a first downlink transmission when the second
AP is scheduled to perform a second downlink transmission and/or the first AP

coordinates with the second AP so that the first AP schedules one or more first uplink
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transmissions in the first wireless network at times different than when the second AP

schedules one or more second uplink transmissions in the second wireless network.

[00152] The network interface is configured to use the beamforming matrix to
transmit a broadcast packet from the first communication device to multiple second

communications devices.

[00153] The network interface is configured to select the beamforming matrix from

a plurality of pre-generated beamforming matrices.

[00154] The beamforming matrix is a first beamforming matrix from the plurality of
pre-generated beamforming matrices. The network interface is configured to: use the
first beamforming matrix at a first time, select a second beamforming matrix from the
plurality of pre-generated beamforming matrices, and use the second beamforming
matrix at the first communication device at a second time for the purpose of reducing
interference to the second wireless network caused by the first communication device
transmitting to the one or more second communications device via the communication

channel.

[00155] The network interface is configured to: use the first beamforming matrix at
the first time to transmit a broadcast packet from the first communication device, and
use the second beamforming matrix at the second time to re-transmit the broadcast

packet from the first communication device.
[00156] The communication channel is above 2 GHz.

[00157] In another embodiment, a method for reducing interference in a first
wireless communication network and a second wireless communication network
includes coordinating, at a first access point (AP) device of the first wireless
communication network, with a second AP device of the second wireless
communication network with respect to utilizing transmit beamforming at the first AP
device and transmit beamforming at the second AP device for the purpose of reducing
interference in the first wireless communication network and the second wireless

communication network; and based on coordinating with the second AP device, using
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a beamforming matrix at the first AP device to transmit, via a multiple input, multiple
output (MIMO) communication channel, to one or more first stations in the first
wireless communication network for mitigating interference between the first wireless

communication network and the second wireless communication network.

[00158] In other embodiments, the method includes any suitable combination of one

or more of the following features.

[00159] The method further includes at least one of: 1) determining, at the first AP,
the beamforming matrix based on an estimate of the MIMO communication channel,
wherein the MIMO communication channel is between the first AP and a particular
first station in the first wireless communication network, or ii) receiving, at the first
AP, the beamforming matrix, the beamforming matrix having been generated based
on the estimate of the MIMO communication channel between the first AP and the

particular first station.
[00160] The MIMO communication channel is below 6 GHz.
[00161] The MIMO communication channel is above 2 GHz.

[00162] Coordinating comprises: synchronizing, at the first AP, downlink
transmissions of the first AP that utilize transmit beamforming with downlink

transmissions of the second AP that utilize transmit beamforming.

[00163] Coordinating further comprises: determining a performance metric
associated with reception of a first beamformed packet transmitted from the first AP
to a particular first station in the first wireless communication network, wherein
transmission of the first beamformed packet overlaps in time with transmission of a
second beamformed packet from the second AP to a second station in the second
wireless communication network; and selecting, based on the determined performance
metric, the particular first station for a scheduled future beamformed transmission
from the first AP that overlaps in time with a future beamformed transmission from

the second AP to the second station.
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[00164] The method further includes selecting, at the first AP, the beamforming

matrix from a plurality of pre-generated beamforming matrices.

[00165] The beamforming matrix is a first beamforming matrix from the plurality of
pre-generated beamforming matrices; using the first beamforming matrix comprises
using the first beamforming matrix at a first time; and the method further includes:
selecting, at the first communication device, a second beamforming matrix from the
plurality of pre-generated beamforming matrices, and using the second beamforming
matrix at the first communication device at a second time; and coordinating comprises
coordinating the first time and the second time with the second AP device for the
purpose of reducing interference in the first wireless communication network and the

second wireless communication network.

[00166] Using the first beamforming matrix at the first time comprises using the first
beamforming matrix to transmit a broadcast packet from the first AP device; and
using the second beamforming matrix at the second time comprises using the second

beamforming matrix to re-transmit the broadcast packet from the first AP device.

[00167] In yet another embodiment, an apparatus corresponding to a first access
point (AP) device configured to operate in a first wireless communication network
comprises a network interface device including 1) a media access control (MAC)
processing unit, and ii) a physical layer (PHY) processing unit coupled to the MAC
processing unit. The network interface device is configured to coordinate with a
second AP device of a second wireless communication network with respect to
utilizing transmit beamforming at the first AP device and transmit beamforming at the
second AP device for the purpose of reducing interference in the first wireless
communication network and the second wireless communication network, and based
on coordinating with the second AP device, use a beamforming matrix to transmit, via
a multiple input, multiple output (MIMO) communication channel, to one or more
first stations in the first wireless communication network for mitigating interference
between the first wireless communication network and the second wireless

communication network.
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[00168] In other embodiments, the apparatus includes any suitable combination of

one or more of the following features.

[00169] The PHY processing unit is configured to at least one of: 1) determine the
beamforming matrix based on an estimate of the MIMO communication channel,
wherein the MIMO communication channel is between the first AP and a particular
first station in the first wireless communication network, or ii) receive the
beamforming matrix, the beamforming matrix having been generated based on the
estimate of the MIMO communication channel between the first AP and the particular

first station.
[00170] The MIMO communication channel is below 6 GHz.
[00171] The MIMO communication channel is above 2 GHz.

[00172] The network interface device is further configured to: synchronize downlink
transmissions of the first AP that utilize transmit beamforming with downlink

transmissions of the second AP that utilize transmit beamforming.

[00173] The network interface device is further configured to: determine a
performance metric associated with reception of a first beamformed packet
transmitted from the first AP to a particular first station in the first wireless
communication network, wherein transmission of the first beamformed packet
overlaps in time with transmission of a second beamformed packet from the second
AP to a second station in the second wireless communication network; and select,
based on the determined performance metric, the particular first station for a
scheduled future beamformed transmission from the first AP that overlaps in time

with a future beamformed transmission from the second AP to the second station.

[00174] The PHY processing device is further configured to select the beamforming

matrix from a plurality of pre-generated beamforming matrices.

[00175] The beamforming matrix is a first beamforming matrix from the plurality of
pre-generated beamforming matrices; the network interface device is configured to:

use the first beamforming matrix at a first time, and select a second beamforming
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matrix from the plurality of pre-generated beamforming matrices, use the second
beamforming matrix at a second time, and coordinate the first time and the second
time with the second AP device for the purpose of reducing interference in the first

wireless communication network and the second wireless communication network.

[00176] The network interface device is further configured to: use the first
beamforming matrix at the first time comprises to transmit a broadcast packet; and use
the second beamforming matrix at the second time to re-transmit the broadcast packet

from the first AP device.

[00177] In still another embodiment, a system comprises a first access point (AP)
device configured to operate in a first wireless communication network, the first AP
device having a first network interface device; and a second AP device configured to
operate in a second wireless communication network, the second AP device having a
second network interface device. The first network interface device is configured to
coordinate with the second AP device with respect to utilizing transmit beamforming
at the first AP device and transmit beamforming at the second AP device for the
purpose of reducing interference in the first wireless communication network and the
second wireless communication network, and based on coordinating with the second
AP device, use a first beamforming matrix to transmit, via a first multiple input,
multiple output (MIMO) communication channel, to one or more first stations in the
first wireless communication network for mitigating interference between the first
wireless communication network and the second wireless communication network.
The second network interface device is configured to coordinate with the first AP
device with respect to utilizing transmit beamforming at the first AP device and
transmit beamforming at the second AP device for the purpose of reducing
interference in the first wireless communication network and the second wireless
communication network, and based on coordinating with the first AP device, use a
second beamforming matrix to transmit, via a second MIMO communication channel,

to one or more second stations in the second wireless communication network for
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mitigating interference between the first wireless communication network and the

second wireless communication network.

[00178] In other embodiments, the system includes any suitable combination of one

or more of the following features.

[00179] The first network interface device and the second network interface device
are further configured to: synchronize downlink transmissions of the first AP that
utilize transmit beamforming with downlink transmissions of the second AP that

utilize transmit beamforming.

[00180] The first network interface device is further configured to select the first

beamforming matrix from a plurality of pre-generated beamforming matrices.

[00181] The first network interface device is configured to: use the first
beamforming matrix at a first time, and select a third beamforming matrix from the
plurality of pre-generated beamforming matrices, use the third beamforming matrix at
a second time, and coordinate the first time and the second time with the second AP
device for the purpose of reducing interference in the first wireless communication

network and the second wireless communication network.

[00182] The first network interface device is further configured to: determine a
performance metric associated with reception of a first beamformed packet
transmitted from the first AP to a particular first station in the first wireless
communication network, wherein transmission of the first beamformed packet
overlaps in time with transmission of a second beamformed packet from the second
AP to a second station in the second wireless communication network; and select,
based on the determined performance metric, the particular first station for a
scheduled future beamformed transmission from the first AP that overlaps in time

with a future beamformed transmission from the second AP to the second station.

[00183] While the present invention has been described with reference to specific

examples, which are intended to be illustrative only and not to be limiting of the
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invention, changes, additions and/or deletions may be made to the disclosed

embodiments without departing from the scope of the invention.
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CLAIMS

What is claimed is:

1. A method for reducing interference in a first wireless communication
network and a second wireless communication network, the method comprising;:

coordinating, at a first access point (AP) device of the first wireless
communication network, with a second AP device of the second wireless
communication network with respect to utilizing transmit beamforming at the first AP
device and transmit beamforming at the second AP device for the purpose of reducing
interference in the first wireless communication network and the second wireless
communication network; and

based on coordinating with the second AP device, using a beamforming matrix
at the first AP device to transmit, via a multiple input, multiple output (MIMO)
communication channel, to one or more first stations in the first wireless
communication network for mitigating interference between the first wireless

communication network and the second wireless communication network.

2. The method of claim 1, further comprising at least one of:

1) determining, at the first AP, the beamforming matrix based on an estimate of
the MIMO communication channel, wherein the MIMO communication channel is
between the first AP and a particular first station in the first wireless communication
network, or

i1) receiving, at the first AP, the beamforming matrix, the beamforming matrix
having been generated based on the estimate of the MIMO communication channel

between the first AP and the particular first station.

3. The method of claim 1, wherein the MIMO communication channel is

below 6 GHz.

44



WO 2015/013401 PCT/US2014/047809

4, The method of claim 3, wherein the MIMO communication channel is
above 2 GHz.
5. The method of claim 1, wherein coordinating comprises:

synchronizing, at the first AP, downlink transmissions of the first AP that
utilize transmit beamforming with downlink transmissions of the second AP that

utilize transmit beamforming.

6. The method of claim 5, wherein coordinating further comprises:

determining a performance metric associated with reception of a first
beamformed packet transmitted from the first AP to a particular first station in the first
wireless communication network, wherein transmission of the first beamformed
packet overlaps in time with transmission of a second beamformed packet from the
second AP to a second station in the second wireless communication network; and

selecting, based on the determined performance metric, the particular first
station for a scheduled future beamformed transmission from the first AP that overlaps
in time with a future beamformed transmission from the second AP to the second

station.

7. The method of claim 1, further comprising selecting, at the first AP, the

beamforming matrix from a plurality of pre-generated beamforming matrices.

8. The method of claim 7, wherein:

the beamforming matrix is a first beamforming matrix from the plurality of pre-
generated beamforming matrices;

using the first beamforming matrix comprises using the first beamforming
matrix at a first time; and

the method further comprises:
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selecting, at the first communication device, a second beamforming
matrix from the plurality of pre-generated beamforming matrices, and
using the second beamforming matrix at the first communication device
at a second time; and
coordinating comprises coordinating the first time and the second time with the
second AP device for the purpose of reducing interference in the first wireless

communication network and the second wireless communication network.

9. The method of claim 8, wherein:

using the first beamforming matrix at the first time comprises using the first
beamforming matrix to transmit a broadcast packet from the first AP device; and

using the second beamforming matrix at the second time comprises using the
second beamforming matrix to re-transmit the broadcast packet from the first AP

device.

10.  An apparatus corresponding to a first access point (AP) device
configured to operate in a first wireless communication network, the apparatus
comprising;:

a network interface device including

1) a media access control (MAC) processing unit, and
i1) a physical layer (PHY) processing unit coupled to the MAC
processing unit;

wherein the network interface device is configured to

coordinate with a second AP device of a second wireless communication
network with respect to utilizing transmit beamforming at the first AP device and
transmit beamforming at the second AP device for the purpose of reducing
interference in the first wireless communication network and the second wireless

communication network, and
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based on coordinating with the second AP device, use a beamforming
matrix to transmit, via a multiple input, multiple output (MIMO) communication
channel, to one or more first stations in the first wireless communication network for
mitigating interference between the first wireless communication network and the

second wireless communication network.

11.  The apparatus of claim 10, wherein the PHY processing unit is
configured to at least one of:

1) determine the beamforming matrix based on an estimate of the MIMO
communication channel, wherein the MIMO communication channel is between the
first AP and a particular first station in the first wireless communication network, or

i1) receive the beamforming matrix, the beamforming matrix having been
generated based on the estimate of the MIMO communication channel between the

first AP and the particular first station.

12.  The apparatus of claim 10, wherein the MIMO communication channel

1s below 6 GHz.

13.  The apparatus of claim 12, wherein the MIMO communication channel

1s above 2 GHz.

14.  The apparatus of claim 10, wherein the network interface device is
further configured to:

synchronize downlink transmissions of the first AP that utilize transmit
beamforming with downlink transmissions of the second AP that utilize transmit

beamforming.

15.  The apparatus of claim 14, wherein the network interface device is

further configured to:
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determine a performance metric associated with reception of a first
beamformed packet transmitted from the first AP to a particular first station in the first
wireless communication network, wherein transmission of the first beamformed
packet overlaps in time with transmission of a second beamformed packet from the
second AP to a second station in the second wireless communication network; and

select, based on the determined performance metric, the particular first station
for a scheduled future beamformed transmission from the first AP that overlaps in

time with a future beamformed transmission from the second AP to the second station.

16.  The apparatus of claim 10, wherein the PHY processing device is further
configured to select the beamforming matrix from a plurality of pre-generated

beamforming matrices.

17.  The apparatus of claim 16, wherein:
the beamforming matrix is a first beamforming matrix from the plurality of pre-
generated beamforming matrices;
the network interface device is configured to:
use the first beamforming matrix at a first time, and
select a second beamforming matrix from the plurality of pre-generated
beamforming matrices,
use the second beamforming matrix at a second time, and
coordinate the first time and the second time with the second AP device
for the purpose of reducing interference in the first wireless communication network

and the second wireless communication network.

18.  The apparatus of claim 17, wherein the network interface device is
further configured to:
use the first beamforming matrix at the first time comprises to transmit a

broadcast packet; and
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use the second beamforming matrix at the second time to re-transmit the

broadcast packet from the first AP device.

19. A system, comprising:
a first access point (AP) device configured to operate in a first wireless
communication network, the first AP device having a first network interface device;
a second AP device configured to operate in a second wireless communication
network, the second AP device having a second network interface device;
wherein the first network interface device is configured to
coordinate with the second AP device with respect to utilizing transmit
beamforming at the first AP device and transmit beamforming at the second AP
device for the purpose of reducing interference in the first wireless communication
network and the second wireless communication network, and
based on coordinating with the second AP device, use a first
beamforming matrix to transmit, via a first multiple input, multiple output (MIMO)
communication channel, to one or more first stations in the first wireless
communication network for mitigating interference between the first wireless
communication network and the second wireless communication network; and
wherein the second network interface device is configured to
coordinate with the first AP device with respect to utilizing transmit
beamforming at the first AP device and transmit beamforming at the second AP
device for the purpose of reducing interference in the first wireless communication
network and the second wireless communication network, and
based on coordinating with the first AP device, use a second
beamforming matrix to transmit, via a second MIMO communication channel, to one
or more second stations in the second wireless communication network for mitigating
interference between the first wireless communication network and the second

wireless communication network.
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20.  The system of claim 19, wherein the first network interface device and
the second network interface device are further configured to:

synchronize downlink transmissions of the first AP that utilize transmit
beamforming with downlink transmissions of the second AP that utilize transmit

beamforming.

21.  The system of claim 19, wherein the first network interface device is
further configured to select the first beamforming matrix from a plurality of pre-

generated beamforming matrices.

22.  The system of claim 21, wherein:
the first network interface device is configured to:
use the first beamforming matrix at a first time, and
select a third beamforming matrix from the plurality of pre-generated
beamforming matrices,
use the third beamforming matrix at a second time, and
coordinate the first time and the second time with the second AP device
for the purpose of reducing interference in the first wireless communication network

and the second wireless communication network.
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FIG. 5

FIG. 6

400

7 404

i) Determine a beamforming matrix based on an
estimate of a MIMO communication channel
between the first communication device and a
second communication device in a first wireless
network, or
ii) receive the beamforming matrix, the
beamforming matrix having been generated
based on the estimate of the MIMO
communication channel

v /d

Use the beamforming matrix at the first
communication device for the purpose of
reducing interference to a second wireless

network caused by the first communication
device transmitting to the second
communication device via the MIMO
communication channel

500

408

Ve 504

Select a beamforming matrix for communicating
with one or more second communication
devices in the first wireless network via a

communication channel below 6 GHz

7 508

Use the beamforming matrix at the first
communication device for the purpose of
reducing interference to a second wireless

network caused by the first communication
device transmitting to the one or more second
communication devices via the communication
channel
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FIG. 7
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Ve 604

Coordinating a first AP device of a first WLAN
with a second AP device of a second WLAN with
respect to utilizing transmit beamforming for
the purpose of reducing interference in the first
WLAN and the second WLAN

l /7 608

Use beamforming matrices at the first AP device
and the second AP device for the purpose of
reducing interference between the first WLAN
and the second WLAN
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