wo 2017/007973 A1 [N I P00 OO OO OO

(43) International Publication Date

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

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

=

\

(10) International Publication Number

WO 2017/007973 Al

12 January 2017 (12.01.2017) WIPO I PCT
(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
H04B 7/06 (2006.01) H04B 17/309 (2015.01) kind of national protection available): AE, AG, AL, AM,
21) International Aoolication Number: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
@1 TInternational Application Number: CT/US2016/041405 BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
7 July 2016 (07.07.2016) KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
B . MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
(25) Filing Language: English PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
(26) Publication Language: English SD, SE, SG, SK, SL, SM, ST, SV, 8Y, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(30) Priority Data: . L
62/189.929 8 July 2015 (08.07.2015) ys (84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
(71) Applicant: LATTICE SEMICONDUCTOR CORPOR- GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
ATION [US/US]; 5555 N.E. Moore Ct., Hillsboro, Oregon TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
97124-6421 (US). TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
(72) Inventors: HO, Keangpo Ricky; 5555 N.E. Moore Ct., DK, EE, ES, F1, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
. . LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
Hillsboro, Oregon 97124-6421 (US). YANG, Ou; 5555
. SM, TR), OAPI (BF, BI, CF, CG, CIL, CM, GA, GN, GQ,
N.E. Moore Ct., Hillsboro, Oregon 97124-6421 (US). GW, KM, ML, MR, NE, SN, TD, TG)
CHENG, Shi; 5555 N.E. Moore Ct., Hillsboro, Oregon ? ? i T T T ’
97124-6421 (US). CHERNIAVSKY, Dmitry; 5555 N.E. Declarations under Rule 4.17:
Moore Ct., Hillsboro, Oregon 97124-6421 (US). — o inventorship (Rule 4.17(iv))
(74) Agent: WHITE, Kevin S.; Suite 700, 2323 Victory Aven-

ue, Dallas, Texas 75219 (US).

Published:

with international search report (Art. 21(3))

(54) Title: SYSTEMS AND METHODS OF INTERFERENCE MITIGATION FOR CONCURRENT LINKS IN BEAMFORMED
COMMUNICATION

(57) Abstract: Systems and methods for mitig-
ating interference with wireless communications
are disclosed. An example method includes

interferee 2

106

initiator

102

O

Responder

oh

interferee 1

108

identifying and/or differentiating a responder
device from one or more interferee devices,
transmitting a packet to the interferee devices;
obtaining channel measurements from the inter-
feree devices, forming a beam in accordance
with the channel measurements; and communic-
ating with the responder device using the beam.
The method optionally includes broadcasting a
communication announcement, receiving one or
more responses provided by corresponding one
or more interferee devices, and identifying the
interteree devices based on the responses. Form-
ing the beam to the responder device may in-
clude determining an antenna weight vector
based on the first channel measurement to re-
duce interference caused by the beam to the first

FIG. 1

interferee device and forming the beam in ac-
cordance with the antenna weight vector.



WO 2017/007973 PCT/US2016/041405

SYSTEMS AND METHODS OF INTERFERENCE MITIGATION FOR CONCURRENT
LINKS IN BEAMFORMED COMMUNICATION

Keangpo Ricky Ho, Ou Yang,
Shi Cheng, and Dmitry Cherniavsky

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001]  This application claims the benefit of and priority to U.S. Provisional Patent
Application No.: 62/189,929 filed on July 08, 2015 and entitled “SYSTEMS AND METHODS
OF INTERFERENCE MITIGATION FOR CONCURRENT LINKS IN BEAMFORMED
COMMUNICATION,” which is hereby incorporated by reference in its entirety.

TECHNICAL FIELD
[0002] The present disclosure relates generally to wireless communication, and in particular, to

systems and methods for mitigating interference with wireless communications.

BACKGROUND
[0003] A transmitter device and a receiver device, each having multiple antennas, may
exchange channel information to enable beamformed wireless communications to transmit data
between each other. This process allows the transmitter device and the receiver device to use the
channel information to adjust characteristics of the beamforming to enhance the performance of
their communication link. However, this conventional process fails to take into account the
interfering effects the beamformed wireless communications between the transmitter device and
the receiver device may have on non-participating devices (e.g., devices other than the transmitter
device and the receiver device that are communicating over different communication links).
Thus, there is a need in the art for methodologies to reduce interfering effects to devices that are

not intended participants of a wireless communication link.

BRIEF DESCRIPTION OF THE FIGURES

[0004] Fig. 1 is a schematic view illustrating an embodiment of a wireless communication

system with the presence of one or more interferee devices.

[0005] Fig. 2 is another schematic view illustrating an embodiment of a wireless

communication system with the presence of one or more interferee devices.
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[0006] Fig. 3 is a schematic view illustrating an embodiment of a wireless communication

system performing beamforming interaction.

[0007] Fig. 4 is second schematic view illustrating an embodiment of a wireless

communication system performing beamforming training.

[0008]  Fig. S is third schematic view illustrating an embodiment of a wireless communication

system performing beamforming training.

[0009] Fig. 6 is a schematic view illustrating an embodiment of a wireless communication

system.

[0010] Fig. 7 is a schematic view illustrating an embodiment of a wireless communication

system with an interference mitigation feature.

[0011] Fig. 8 is a second schematic view illustrating an embodiment of a wireless

communication system with an interference mitigation feature.

[0012] Fig. 9 is a third schematic view illustrating an embodiment of a wireless

communication system with an interference mitigation feature.

[0013]  Fig. 10 is a fourth schematic view illustrating an embodiment of a wireless

communication system with an interference mitigation feature.

[0014]  Fig. 11 is a fifth schematic view illustrating an embodiment of a wireless

communication system with an interference mitigation feature.

[0015]  Fig. 12 is a sixth schematic view illustrating an embodiment of a wireless

communication system with an interference mitigation feature.

[0016] Fig. 13 is a flow chart illustrating an embodiment of a method for mitigating

interference in a beamformed wireless communication.

[0017] Fig. 14 is a flow chart illustrating an embodiment of an example wireless network

device with an interference mitigation feature.

[0018]  Fig. 15 is a second flow chart illustrating an embodiment of an example wireless

network device with an interference mitigation feature.

[0019] Embodiments of the present disclosure and their advantages are best understood by
referring to the detailed description that follows. It should be appreciated that like reference
numerals are used to identify like elements illustrated in one or more of the Figures, wherein
showings therein are for purposes of illustrating embodiments of the present disclosure and not

for purposes of limiting the same.



WO 2017/007973 PCT/US2016/041405

DETAILED DESCRIPTION
[0020]  The present disclosure provides systems for mitigating interference between concurrent
but device-segregated communication links in beamformed communications. In some
implementations, when communicating with a responder device, a transmitter device may take
into account channel measurement information provided by one or more other non-participating
devices, for example, a third device that is not participating in the communication link formed
between the responder device and the transmitter device. Because a transmitter device initiates
the wireless communication with a responder device, the transmitter device may be also referred

to as an initiator device (or an initiator) in the present disclosure.

[0021]  The transmitter device may use the channel measurement information provided by a
non-participating device to modify its communication link (e.g., how to form a beam for
communicating) with the responder device. Embodiments of the present disclosure can provide a
variety of technical advantages. First, interference (caused by the communication between the
transmitter device and the responder device) to non-participating devices can be reduced. The
non-participating devices may also referred to as interferee devices in the present disclosure, as
the communication between the transmitter device and the responder device may reduce the
quality of communication links among non-participating devices. Second, non-participating
devices may detect a beamforming process between an initiator and a responder and participate
(or not) in the process; neither the initiator nor the responder need to detect the presence of the
non-participating devices beforehand. Additional details and implementations are now described

in relation to the Figs.

[0022]  Fig. 1 is a schematic view illustrating an embodiment of a wireless communication
system 100 with the presence of one or more interferees. Fig. 1 shows a communication link
between a transmitter device 102 and a responder device 104. In one embodiment, the
communication link may include multiple spatial streams in a single-user (SU) multi-input-multi-
output (MIMO) implementation. Here, the communication link between initiator 102 and
responder 104 may degrade or otherwise interfere with the communication link between interferee
106 and interferee 108. For example, transmissions of electromagnetic waves between transmitter
device 102 and responder device 104 may interfere with the transmissions between interferee 106

and interferee 108.

[0023]  In some embodiments, the beamforming is conducted in the beam refinement phase
(BRP) of a beamforming process. A single-user BRP process may be used to reduce interference

to interferees 106 and 108. For example, initiator 102 may ask for, and interferees 106 and 108
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may provide, BRP feedback to the initiator 102. The BRP feedback may include channel
measurement information (e.g., spatial channel information based on the current direction of an
antenna array, frequency response, impulse response, energy direction, communication link
vector, and/or other channel measurement information) descriptive of interference/communication
links between initiator 102 and interferees (e.g., interferees 106 and/or 108), based on which the
initiator 102 may modify its beamformed communication link with the responder 104. These
technologies may reduce interference from the initiator 102 to the communication link between

interferees 106 and 108.

[0024]  Fig. 2 is another schematic view illustrating an embodiment of a wireless
communication system 200 with the presence of one or more interferees. Fig. 2 shows a multi-
user (MU) MIMO link, in which communication links between the initiator 202 and several
responders (e.g., 204, 206, and 208) may cause interference to a concurrent communication link
between the interferees 210 and 212. In some implementations, a BRP feedback process similar

to the one explained with reference to Fig. 1 may be used to reduce the interference.

[0025]  Figs. 3-5 illustrate various processes which a transmitter device (or an initiator) may
use to form beams to communication with a responder device (or a responder) in accordance with
different wireless communication standards (e.g., 802.11ad, 802.11n, 802.11ac, the emerging
802.11ax and 802.11ay, and/or other wireless communication standards that employ beamforming
techniques). As shown in Fig. 3, in one implementation 300, where an antenna array including a
large number of antennas/antenna elements (e.g., more generally, 8, 9, 16, 24, 48, 64, 128, and/or
other numbers of antennas typically greater than 4, 5, or 8 antennas) is used, an initiator may use
the post-amble of a packet (e.g., a training post-amble “TRN-T”, which may be appended to a
data packet or other type of transmitted packet) for beam forming purposes. The initiator may
send a beamforming pattern in the post-amble of the packet; in response, the responder may
provide BRP feedback back to the initiator. The BRP feedback may include channel
’measurement information concerning the communication link between the initiator and the

responder.,

[0026]  In some implementations (e.g., where the WirelessHD protocol and/or other relatively
high bandwidth wireless protocols are used), the responder may provide an antenna weight vector
for various antennas if the transmitted beamforming pattern is predefined and known to the
responder. In some other implementations, the raw channel measurement information may be
sent back to the initiator. The initiator may then use the channel measurement information when
forming a beam to communicate wirelessly with the responder. These features may be

implemented in wireless communications using any of a variety of wireless communication
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standards, including 802.11ad. Note that in some embodiments, BRP information is exchanged
between an initiator and a responder; in other embodiments, an interferee device may also provide
BRP feedback of its own to the initiator, so that the communication link between the initiator and
the responder may be formed to interfere less with an interferee device (e.g., a device that is not

an intended recipient of data communications transmitted by the initiator).

[0027]  In other implementations, (e.g., such as those utilizing 802.11ac and/or 802.11n ),
beamforming may be provided by null-data-packet (NDP) transmission techniques. As shown in
Fig. 4, in an implementation 400, an antenna array may include a relatively small number of
antennas (e.g., a plurality of antennas fewer than four or fewer than none antennas, for example),
an initiator can make an announcement (e.g., an NDP announcement) to a responder, asking the
responder to provide beamforming feedback. In some implementations, after making an NDP
announcement, the initiator sends a NDP to the responder; the responder, in turn, provides an
antenna array factor or a beamforming matrix (e.g., types of channel measurement information) to
the initiator. The initiator may then consider the antenna array factor or the beamforming matrix
when forming a beam to communicate wirelessly with the responder. These features may be
implemented under various wireless communications standards, such as the existing 802.11ac and
802.11n standards or the coming 802.11ax standards, for example. In other implementations, the
process 400 may be implemented in a system where there are a larger number of antennas (e. g.,

five or more antennas).

[0028]  As shown in Fig. 5, in an implementation 500, an initiator may communicate with two
or more responders in a MU MIMO link. The initiator may consider channel measurement
information (e.g., an antenna array factor or a beamforming matrix) when forming a beam to

communicate wirelessly with the two or more responders.

[0029]  Note that in the example implementations shown in Figs. 3-5, bearﬁforming (or BRP)
feedback may be exchanged between an initiator and one or more responders without regard to
either the presence non-participating devices or the existence of the communication links among
these non-participating devices. As a result, the quality of communication links among the non-
participating devices may be negatively affected by the communication link between an initiator
and one or more responders. To address this technical problem, in some implementations, an
interferee device may also provide beamforming feedback of its own to the initiator, so that the
communication between the initiator and the responder interferes less with one or more interferee

devices.

[0030]  In some implementations, the beamforming feedback an interferee device provides to

an initiator may include not only a channel quality report (which may identify an amount of
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interference an initiator has on an interferee device), but also channel measurement information
for beamforming purpose. In some implementations, the channel measurement information is
frequency response of the channel, including the response of the radio frequency circuitry and
antennas. In some implementations, the channel measurement information is impulse response of
the channel. Further, the technologies described in the present disclosure provide a different
technical solution from that provided by considering channel quality report; the technical
solutions provided herein enable communication links with the presence of multiple wireless
communication links (e.g., LANSs), while the latter sets out to avoid the existence of multiple

wireless communication links.

[0031]  Inaccordance with embodiments of the present disclosure, to enable concurrent links
with minimum interference to other wireless I.LANs, the beamforming initiator may attempt to

maximize beamforming gain to the beamforming responder and to minimize the interference to
the interferee devices. In these implementations, interferee devices are enabled or requested to

participate in the transmitter beamforming process.

[0032]  Fig. 6 is a schematic view illustrating an embodiment of a wireless communication
system 600 on an interference mitigation feature can be implemented. The wireless
communication system 600 may include a data source 602, a data receiver interface 604, a
transmitter device 620, a responder device 630, a data port interface 652, a data renderer 654, and
a data sink 656. The data source 602 may store data and provide data to the transmitter device
620 for transmission to the responder device 630. The data source 602 may be a computing
device providing data for transmission to another computing device. In some implementations,
the data source 602 may be a routing device to connect to a wide area network, In various
embodiments, the data source may be a laptop, a smartphone, a tablet computer, a desktop
computer, a notebook computer, and/or other user device. The data receiver interface 604 may

obtain data from the data source 602 and provide them to the transmitter device 620.

[0033]  The transmitter device 620 and the responder device 630 may have similar hardware
components and may wirelessly communicate with each other and with other non-participating
devices. Transmitter and responder devices may be either half-duplex or full duplex. The
transmitter device 620 may include a controller 622; a baseband signal processor 624, an adaptive
beamforming antenna 626, and a wireless communication channel interface 628 (e.g., an antenna
sub-system), which may include all or portions of controller 622, baseband signal processor 624,
and/or650 adaptive beamforming antenna 626, as shown. The transmitter device 630 may include
a controller 632, a baseband signal processor 634, an adaptive beamforming antenna 636, and a

wireless communication channel interface 638 (e.g., an antenna sub-system), which may include
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all or portions of controller 632, baseband signal processor 634, and/or adaptive beamforming
antenna 636, as shown. The controller (622 or 632) may be configured to perform beamforming
operations with one or more interference mitigation features described in the present disclosure.
The baseband signal processor (624 or 634) may be configured to manage radio functions (e.g.,
Wi-Fi and Bluetooth radio functions, as well other functions that require an antenna or antenna
array). In various embodiments, an antenna subsystem of transmitter device 620 or responder
device 630 (e.g., analogous to interferee devices) typically includes at least an adaptive

beamforming antenna ( e.g., adaptive beamforming antenna 626 or 636).

[0034]  Controllers 622/632, baseband signal processors 624/634, and adaptive beamforming
antennas 626/636 may each be implemented as or with any appropriate logic device (e.g.,
processing device, microcontroller, processor, application specific integrated circuit (ASIC), field
programmable gate array (FPGA), memory storage device, memory reader, or other device or
combinations of devices) that may be adapted to execute, store, and/or receive appropriate
instructions, such as software instructions implementing a control loop for controlling various
operations of co-controller 120, transmitter 122, receiver 126, and/or other modules of system
110, for example. Such software instructions may also implement methods for transmitting and
receiving packets, beamforming communication links, determining channel measurement
information, querying devices for operational parameters, selecting operational parameters for

devices, and/or performing any of the various methods described herein.

[0035]  The adaptive beamforming antenna (626 or 636) may be configured to perform
adaptive spatial signal processing with an array of transmitters or receivers and corresponding
antennas/antenna elements. The signals are combined in a manner to increases signal strength
to/from a chosen direction and/or to form wireless communication channel/communication link
650. Signals to/from other directions are combined in a benign or destructive manner, resulting in
strengthening or degradation of the signal to/from the undesired direction. The control interface
(621 or 631) enables a controller to manage an adaptive beamforming antenna, e.g., including
changing antenna direction or adjusting signal strength towards particular direction. The
controller of a responder device may be communicatively connected with a data port interface
652, which enables the responder device to interact with (e.g., storing, modifying, and/or
communicating data) the data sink 656 through the data renderer 654. In some implementations,
the components 622, 624, and 626 (or 632, 634, and 636) are collectively referred to as a wireless

communication channel interface, as shown.

[0036]  Figs. 7-12 illustrate several example implementations of an interference mitigation

process. In some implementations, an interferee may participate in either a single user (SU)
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beamforming or a multi-user (MU) beamforming, with one or more spatial streams per user. In
some implementations, an initiator can poll one or more potential interferees and obtain channel
measurement information from these interferees. In accordance with the channel measurement
information obtained from the responder—and channel measurement information obtained from
at least one interferee—the transmitter may form a beam to communicate with the responder.
These technologies can reduce interference to one or more interferees (e.g., the interferee devices
106 and 108) and improve the quality of the communication link between an initiator and one or

more responders.

[0037] Fig. 7 is a schematic view illustrating an embodiment of a wireless communication
system 700 with an interference mitigation feature. As shown in Fig. 7, an initiator 702 may send
BRP polls to one or more potential interferees 706 and 708, requesting channel measurement
information as part of the BRP feedback from the potential interferees. The initiator 702 may
then take into account the channel measurement information obtained from responder 704, as well
as that obtained from the interferee 706, from the interferee 708, or from both, when forming a

beam to communicate wirelessly with the responder 704.

[0038] Fig. 8 is a second schematic view illustrating an embodiment of a wireless
communication system with an interference mitigation feature. An initiator may use another
method to request BRP feedback from potential interferees. For example, as shown in Fig. 8, an
initiator may send each BRP poll with a training data packet (TRN-T), which may be the post-
amble of a packet. Whether a BRP poll is accompanied by a post-amble may be determined by
the initiator and made known to other devices (e.g., a responder device or an inteferee device). In
other implementations, an interferee device may request that the initiator include the post-amble
in a BRP poll, when sending a request for the initiator to join the beamforming process. Similar
to those discussed with reference to Fig. 7, the initiator 802 may take into account the channel
measurement information obtained from responder 804, as well as that obtained from the
interferee 806, from the interferee 808, or from both, when forming a beam to communicate

wirelessly with the responder 804.

[0039]  In the example shown in Fig. 1, the channel measurement information provided by the
inteferee 106 may identify that an antenna of the inteferee 106 points directly towards an antenna
of the interferee 108. In the examples shown in Figs. 6-7, an initiator may, based on channel
measurement information provided by an interferee, determine an antenna weight vector (e.g., an
optimal vector) to reduce interference to the interferees. Alternatively, the channel measurement
information may be provided to a responder; the responder may calculate the optimal antenna

weight vector for the initiator. In these implementations, a BRP poll may be sent by the initiator
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to potential interferees. The BRP feedback may be the last packet in the transmitter training with

the antenna weight vector.

/ [0040]  In the implementations shown in Figs. 7-8 and 11-12 (which will be explained in
greater detail below), an initiator begins a BRP process with a responder by sending a BRP
transmitter training request (BRP-T-REQ) frame to one or more interferees without appending
TRN-T training sequences in order to announce a coming beamforming process. In some
implementations, the initiator sends a separate BRP-T-REQ frame to each interferee. The BRP-T-
REQ frames serve the purpose of synchronizing phases between an initiator and an interferee.
After sending out a BRP-T-REQ frame, the initiator starts a BRP training process with a
responder by sending thé responder a BRP-T-REQ frame with post-amble training sequences
(e.g., a TRN-T packet). The responder receives the BRP-T-REQ frame with the TRN-T packet
and responds to the initiator with a BRP transmitter training feedback (BRP-TFDB) frame. While
the initiator and the responder are going through the BRP training process, interferee devices may

be communicating with each other using a separate but concurrent communication link.

[0041]  After receiving the BRP-T-FDB frame from the responder, the initiator may send a
BRP Poll frame to one or more interferees, to collect feedback (e.g., a BRP-T-FDB frame) from
them. If an interferee misses the BRP training between the initiator and the responder or the BRP
Poll frames, the initiator may not receive feedback from the interferee. In some implementations,
if an initiator does not receive any feedback from an inteferee, after a predetermined amount of
time has passed after sending out a BRP-Poll, the initiator assumes the interference is no longer
active and thus does not consider channel measurement information concerning the interferee
when communicating with the responder. In other implementations, the initiator may consider

that the interferee does not have interference from the initiator.

[0042]  After gathering feedback from a predefined number of interferees (e.g., all or a subset
of interferees), the initiator may compute a composite channel response for each responder or
each interferee. A composite channel response may include the MIMO channel and the antenna
weight applied on the receiver. The initiator then may compute a transmit beamforming vector
and generate a transmission pattern that has a notch to the composite channel responses of the
interferees, thereby providing reasonable beamforming gains to the responders with a reduced
amount of interference to the interferees. A beamforming vector may be calculated using either
zero-forcing or its regularized version. Zero-forcing beamforming projects the beam from
initiator to the respondefs onto the nullspace formed by the composite channel responses of the
interferees. Regularized zero-forcing beamforming is a modified version of the zero-forcing

beamforming, which allows less than a threshold amount of interference to an interfere. One

9.



WO 2017/007973 PCT/US2016/041405

version of regularized zero-forcing beamforming balances the amount of noise and interference,

to minimize the combined of noise and interference.

[0043] In some implementations, an intiator considers all non-participating devices interferees.
For example, as shown in Fig. 1, the initiator 102 may consider both the device 106 and the
device 108 interferees. In some other implementations, an initiator considers only a subset of
non-participating devices interferees. For example, the initiator 102 may consider the device 106
an inteferee, both not the device 108. In this case, therefore, the initiator 102 might not request

beamforming feedback from the device 108.

[0044]  Fig. 9 is a third schematic view illustrating an embodiment of a wireless
communication system with an interference mitigation feature. As shown in Fig. 9, in some
implementations, an initiator 902 may make an NDP announcement to potential interferce devices
906 and 908, followed by an NDP. The initiator 902 may transmit the NDP announcement using
an omni-directional antenna, so that the NDP announcement may be broadcasted to interferee
devices located in as many directions as possible, thereby reaching as many potential interferee
devices as possible. Similar to those discussed with reference to Fig. 7, the initiator 902 may take
into account the channel measurement information obtained from responder 904, as well as that
obtained from the interferee 906, from the interferce 908, or from both, when forming a beam to

communicate wirelessly with the responder 904.

[0045]  Figs. 10-12 illustrate example implementations in which interferee devices participate
in an MU-MIMO beamforming process. As shown in Fig. 10, in some implementations, an
initiator 1002 may send BRP polls to three responders 1004, 1006, and 1008, as well as one or
more potential interferees 1006 and 1008, requesting channel measurement information as part of
the BRP feedback from the responders and from the potential interferees. The initiator 1002 may
then take into account the channel measurement information obtained from the responders 1004,
1006, and 1008, as well as that obtained from the interferee 1010, from the interferee 1012, or
from both, when forming a beam to communicate wirelessly with the responders. In some
implementations, an initiator may need to make an announcement to one or more responders that

do not have strong MU-MIMO communication links with an initiator.

[0046]  As shown in Fig. 11, in some implementations, an initiator 1102 may send BRP polls to
two or more responders 1104, 1106, and 1108, as well as one or more potential interferees 1110
and 1112, The BRP poll 1114 is not accompanied by a post-amble; while the BRP poll 1116 is
accompanied by a post-amble. In some implementations, a BRP poll is accompanied by a post-
amble, because the responder being polled (e.g., the responder 1108) does not have a strong

communication link with the initiator 1102. In these situations, the initiator may transmit a post-
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amble to a responder device (or an interferee device). After collecting all the channel
measurements from one or more responders and one or more interferees, the initiator can provide
a beamforming matrix to optimize the system performance. In some implementations, the
initiator may maximize the overall throughput to one or more responders, subject to certain

criteria of the interference to one or more interferees.

[0047]  Asshown in Fig. 12, in some implementations, an initiator 1202 may broadcast an NDP
announcement followed by an NDP to two or more responders 1204, 1206, and 1208, as well as
one or more potential interferees 1210 and 1212. In some implementations, an announcement
broadcast is used when an initiator is uncertain about the number of interferees present or their
respective locations; responsive to receiving the announcement, an interferee can make itself

known to the initiator by responding to the announcement.

[0048]  Fig. 13 is a flow chart illustrating an embodiment of a method for mitigating
interference in a beamformed wireless communication. The packet by initiator 1302 to the
responder 1304 may also cause interference to the interferees 1306 and 1308. In some
implementations, to reduce these interferences, an affected interferee may also send a BRP
interferee request to the source of the interference (e.g., initiator 1302). Beamforming training
data may include null data packets used for training. The beamforming training data may also
include the training sequences used for beamforming or refinement of an initial beamforming

process (where interference is not considered).

[0049]  Different algorithms may be implemented to achieve optimization between (1) reducing
interference to a concurrent link (between interferees) and (2) increasing beamforming gain to a
responder. Concerning reducing interference, in some implementations, interference caused to a
concurrent link may be required to be analytically zero; in other implementations, a predefined
threshold amount of interference to the concurrent link is allowed. Concerning increasing
beamforming gain to a responder, in some implementations, a threshold amount of beamforming
gain may be required. In some implementations, an incremental gain from beamforming may be

analyzed in view of a corresponding increase in interference to balance different considerations.

[0050]  In various embodiments, the technologies disclosed in the present disclosure may be
implemented as a communication protocol. For example, different devices may take on different
roles (an interferee, a transmitter, and a responder), depending on which communication link is
active at a given point. In some implementations, an iterative refinement or multi-iteration
refinement may be conducted for a given transmitter, as channel measure information between the
transmitter and different interferees is obtained. In some implementations, some concurrent links

may be assigned, expressly or implicitly, a priority beamforming gain or a tolerance of the
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maximum amount of interference to a concurrent link caused by other transmitters. In some
cases, such priorities or tolerances may be rotated or allocated. In some implementations, a fall
back feature is provided. For example, a communication link may refrain from becoming active
while other communication links are active, because the interference caused by the other links are
higher than what the communication link can tolerate. An arbitration mechanism may be
employed to determine which communication link, of the several communication links, should be

deactivated or kept inactive, for example.

[0051] Fig. 14 is a second flow chart illustrating an embodiment of an example method 1400
for mitigating interference on the transmitter side. In some implementations, method 1400
includes: identifying (1402) a responder device and a first interferee device; transmitting (1404),
using an antenna sub-system, a packet (e.g., a training packet, a NDP, a data packet, a BRP
process initiation packet, or other communication packet, for example) to the first interferee
device; responsive to transmitting the packet, obtaining (1406) a first channel measurement from
the first interferee device; forming (1408) a beam in accordance with the first channel

measurement; and communicating (1410) with the responder device using the beam.

[0052] In some implementations, method 1400 further includes: transmitting the packet to a
second interferee device; responsive to transmitting the packet, obtaining a second channel
measurement from the second interferee device; and forming the beam in accordance with the
second channel measurement. In some implementations, method 1400 further includes:
transmitting a second packet to a second interferee device; responsive to transmitting the second
packet, obtaining a second channel measurement from the second interferee device; and forming
the beam in accordance with the second channel measurement. In some implementations, method
1400 further includes: transmitting the packet to the responder device; responsive to transmitting
the packet, obtaining a second channel measurement from the responder device; and forming the
beam in accordance with the second channel measurement. In some implementations, method
1400 further includes: transmitting the packet to the responder device; responsive to transmitting
the packet, obtaining a second channel measurement from the responder device; and forming the
beam in accordance with the second channel measurement. In some embodiments, the wireless
networking device, the responder device, and the first interferee device communicate with each

other using a same communication protocol.

[0053] In some implementations, method 1400 further includes: determining an interference
minimization priority associated with the first interferee device; and forming the beam in
accordance with the interference minimization priority. In some implementations,

communicating with the responder device using the beam comprises: communicating with the
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responder device using a 60 GHz millimeter wave communication (e.g., a communication link
established over the 60 GHz frequency band and/or according to compatible standards, such as
802.11ay and/or other wireless communication standards). In some implementations, forming the
beam in accordance with the first channel measurement comprises: determining an antenna
weight vector based on the first channel measurement to reduce interference caused by the beam

to the first interferee device; and forming the beam in accordance with the antenna weight vector.

[0054] In some implementations, method 1400 further includes: broadcasting a communication
announcement; receiving a response provided by the first interferee device, responsive to the
communication announcement; and identifying the first interferee device based on the response.
In some implementations, the communication announcement comprises a network address
associated with the wireless networking device and a network address associated with the

responder device.

[0055] Fig. 15 is a second flow chart illustrating an embodiment of an example method 1500
for mitigating interference on the responder or interferee side. In some implementations, method
1500 includes: detecting (1502) a packet sent by a transmitter device; requesting (1504)
permission by the transmitter device to provide channel measurement information associated with
the wireless networking device; and responsive to determining that the requesting is granted,
providing (1506), using the antenna sub-system, the channel measurement information to the
transmitter device, wherein the wireless networking device comprises a non-participating device
with respect to communication links formed with respect to the transmitter device (e.g., formed
with the transmitter device). The transmitter device may then modify a beamformed wireless
communication with a responder device, other than the wireless networking device, in accordance

with the channel measurement information.

[0056] In some implementations (e.g., in a communication network using 60 GHz
communications, for example), after the announcement or first BRP frame from the transmitter,
the interferee deciding to participate in the BRP process may be configured to point its Rx

antenna towards the transmitter rather than the counterpart of the concurrent communication link.

[0057] In some implementations, the detected packet includes information identifying the
packet as part of the beamformed wireless communication with the responder device. In some
implementations, the detected packet includes information identifying the packet as an
announcement broadcasted by the transmitter device to a plurality of communication devices,
requesting the plurality of communication devices to provide information regarding the
beamformed wireless communication with the responder device. In various embodiments, the

wireless networking device, the transmitter device, and the responder device may be configured to
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communicate with each other using the same communication protocol and/or same frequency
band/bands (e.g., those frequency bands associated with a particular wireless standard, such as the
60 GHz band). In some implementations, the data packet comprises a network address associated
with the wireless networking device and a network address associated with the responder device.
One or more steps described above may be optional, such as when an arbitrary number of
interferees are assumed to be present.

[0058]  Thus, systems and methods for mitigating interference to concurrent links in
beamformed communications are disclosed. In some implementations, a networking device (e.g.,
a transmitter device) comprises a controller and an antenna sub-system configured to generate a
beamformed wireless transmission. The controller may be configured to identify a responder
device and a first interferee device; transmit, using the antenna sub-system, a data packet to the
first interferee device; responsive to transmitting the data packet, obtain a first channel
measurement from the first interferee device; form a beam in accordance with both channel
measurements; and communicate with the responder device using the beam. In some
embodiments, the controller may be further configured to transmit the data packet to a second
interferee device; responsive to transmitting the data packet, obtain a second channel
measurement from the second interferee device; and form the beam in accordance with all
channel measurements. In other embodiments, the controller is configured to transmit a second
data packet to a second interferee device; responsive to transmitting the second data packet, obtain
a second channel measurement from the second interferee device; and form the beam in
accordance with all channel measurements. The controller may then transmit the data packet to
the responder device; responsive to transmitting the data packet; obtain a second channel
measurement from the responder device; and form the beam in accordance with all channel
measurements. In various embodiments, the wireless networking device, the responder devices,
and the interferee devices may be configured to communicate with each other using the same

communication protocol, as described herein.

[0059] In further embodiments, the controller may be configured to determine an interference
minimization priority associated with the first interferee device; and form the beam in accordance
with the interference minimization priority. The communicating with the responder device using
the beam may include communicating with the responder device over a 60 GHz band. Forming
the beam in accordance with the first channel measurement may include determining an antenna
weight vector based on the first channel measurement to reduce interference caused by the beam
to the first interferee device; and forming the beam in accordance with the antenna weight vector.
The controller may be configured to broadcast a communication announcement; receive a

response provided by the first interferee device, responsive to the communication announcement;
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and identify the first interferee device based on the response. In some embodiments, the
communication announcement comprises a network address associated with the wireless

networking device and a network address associated with the responder device.

[6060] In another implementation, a wireless networking device (e.g., an interferee device)
comprises a controller and an antenna sub-system configured to detect a beamformed wireless
transmission. The controller may be configured to detect a data packet sent by a transmitter
device; request for permission by the transmitter device to provide channel measurement
information associated with the wireless networking device; and responsive to determining that
the requesting is granted, provide, using the antenna sub-system, to the transmitter device, the
channel measurement information associated with the wireless networking device. The
transmitter device modifies a beamformed wireless communication with a responder device, other
than the wireless networking device, in accordance with the channel measurement information. In
various embodiments, the data packet includes information identifying the data packet as part of
the beamformed wireless communication with the responder device, for example, and/or
information identifying the data packet as an announcement broadcasted by the transmitter device
to a plurality of communication devices, requesting the plurality of communication devices to
provide information regarding the beamformed wireless communication with the responder

device.

[0061] In some.embodiments, the wireless networking device, the transmitter device, and the
responder device communicate with each other using the same communication protocol, for
example, and the beamformed wireless communication is performed over a 60 GHz band. In
some embodiments, the data packet comprises a network address associated with the wireless

networking device and a network address associated with the responder device.

[0062]  In various embodiments, a method for minimizing interference transmitted to
interferees can include obtaining communication information (e.g., communication channel
information, channel measurement information, a request to participate in a beamforming process,
and/or other communication information) from a first interferee device; transmitting a packet to
the first interferee device; responsive to transmitting the packet, obtaining a first channel
measurement from the first interferee device; forming a beam in accordance with the first channel
measurement; and communicating with a first responder device using a communication link
formed using the beam, wherein the first interferee device comprises a non-participating device
with respect to the communication link. The method may further include: selecting a second
interferee device from a plurality of interfere devices; transmitting the packet to a second

interferee device; responsive to transmitting the packet, obtaining a second channel measurement
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from the second interferee device; and forming the beam in accordance with the first channel
measurement and the second channel measurement. The method may further include: selecting a
second interferee device from a plurality of interfere devices; transmitting a second packet to the
second interferee device; responsive to transmitting the second packet, obtaining a second
channel measurement from the second interferee device; and forming the beam in accordance

with the first channel measurement and the second channel measurement.

[0063] In some embodiments, the method may further include: transmitting the packet to the
first responder device; responsive to transmitting the packet, obtaining a first responder channel
measurement from the first responder device; and forming the beam in accordance with the first
responder channel measurement. The method may further include: transmitting the packet to a
second responder device; responsive to transmitting the packet, obtaining a second responder
channel measurement from the second responder device; and forming the beam in accordance
with the first channel measurement, the first responder channel measurement, and the second
responder channel measurement. The method may further include: determining an interference
minimization priority associated with the first interferee device; and forming the beam in
accordance with the interference minimization priority. In some embodiments, communicating
with the first responder device using the beam can include communicating with the first responder
device using a 60 GHz communication. In some embodiments, forming the beam in accordance
with the first channel measurement comprises: determining an antenna weight vector based on the
first channel measurement to reduce interference caused by the beam to the first interferee device;

and forming the beam in accordance with the antenna weight vector.

[0064] In related embodiments, the method may further include: broadcasting a
communication announcement; and obtaining communication information responsive to the
communication announcement. In some embodiments, the communication announcement
comprises a network address associated with the responder device. In some embodiments,
forming the beam in accordance with the first channel measurement comprises: refining the beam

in accordance with the first channel measurement.

[0065] In some embodiments, the method is executed by an initiator device and may also
include: receiving a BRP request from the first interferee device after an initial communication

between the initiator device and the first responder device.

[0066] In some embodiments, the method is executed by an initiator device, and the
communication information from the first interferee device comprises a beam form request
generated by the first interferee device and responsive to a determination that the first interferee

device is interfered to a predefined degree by a communication between the first responder device
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and the initiator device. In some embodiments, forming the beam in accordance with the first
channel measurement comprises modifying the signal strength associated with the beam. In some
embodiments, the first interferee device and the first responder device are within a same

communication network.

[0067] In some embodiments, the method is executed by an initiator device, and the initiator
device, the first interferee device and the first responder device communicate with each other
using a same communication protocol. In some embodiments, the first channel measurement

comprises a direction of an antenna associated with the first interferee device.

[0068] In further embodiments, the method may further include: determining a second
interferee device different from the first interferee device as declining to participate in forming the
beam. The method may further include: detecting a change of circumstance associated with the
communicating with the first responder device; and responsive to detecting the change of
circumstance, obtaining an updated channel measurement from the first interferee device; forming
an updated beam in accordance with the updated channel measurement; and communicating with

the first responder device using the updated beam.

[0069] Where applicable, various embodiments provided by the present disclosure can be
implemented using hardware, software, or combinations of hardware and software. Also where
applicable, the various hardware components and/or software components set forth herein can be
combined into composite components comprising software, hardware, and/or both without
departing from the spirit of the present disclosure. Where applicable, the various hardware
components and/or software components set forth herein can be separated into sub-components
comprising software, hardware, or both without departing from the spirit of the present disclosure.
In addition, where applicable, it is contemplated that software components can be implemented as

hardware components, and vice-versa.

[0070]  Software in accordance with the present disclosure, such as program code and/or data,
can be stored on one or more non-transitory machine readable mediums. It is also contemplated
that software identified herein can be implemented using one or more general purpose or specific
purpose computers and/or computer systems, networked and/or otherwise. Where applicable, the
ordering of various steps described herein can be changed, combined into composite steps, and/or

separated into sub-steps to provide features described herein.

[0071] Embodiments described above illustrate but do not limit the invention. It should also

be understood that numerous modifications and variations are possible in accordance with the
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principles of the present invention. Accordingly, the scope of the invention is defined only by the

following claims.
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WHAT IS CLAIMED IS:

1. A wireless networking device, comprising:
an antenna sub-system configured to transmit and receive beamformed wireless
transmissions; and
a controller configured to perform operations comprising:
obtaining, using the antenna sub-system, communication information from a first
interferee device;
transmitting a packet to the first interferee device;
obtaining a first channel measurement from the first interferee device;
forming a beam in accordance with the first channel measurement; and
communicating with a first responder device using a communication link formed
using the beam, wherein the first interferee device comprises a non-participating device

with respect to the communication link.

2. The wireless networking device of claim 1, wherein the operations further comprise:
transmitting a second packet to a second interferee device;
obtaining a second channel measurement from the second interferee device; and
forming the beam in accordance with the first channel measurement and the second

channel measurement.

3. The wireless networking device of claim 1, wherein the operations further comprise:
transmitting the packet to the first responder device;
obtaining a first responder channel measurement from the first responder device; and

forming the beam in accordance with the first responder channel measurement.

4. The wireless networking device of claim 3, wherein the operations further comprise:
transmitting the packet to a second responder device;
responsive to transmitting the packet, obtaining a second responder channel measurement
from the second responder device; and
forming the beam in accordance with the first channel measurement, the first responder

channel measurement, and the second responder channel measurement.

5. The wireless networking device of claim 1, wherein forming the beam in accordance

with the first channel measurement comprises:
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determining an antenna weight vector based on the first channel measurement to reduce
interference caused by the beam to the first interferee device; and

forming the beam in accordance with the antenna weight vector.

6. The wireless networking device of claim 1, wherein the operations further comprise:

broadcasting a communication announcement; and

obtaining the communication information responsive to the communication announcement.

7. The wireless networking device of claim 1, wherein the operations further comprise
receiving a BRP request from the first interferee device after an initial communication between

the wireless networking device and the first responder device.

8. The wireless networking device of claim 1, wherein the communication information
from the first interferee device comprises a beam form request generated by the first interferee
device and responsive to a determination that the first interferee device is interfered to a

predefined degree by a communication between the first responder device and the initiator device.

9. The wireless networking device of claim 1, wherein the operations further comprise:
detecting a change of circumstance associated with the communication link;
obtaining an updated channel measurement from the first interferee device;
forming an updated beam in accordance with the updated channel measurement; and

communicating with the first responder device using the updated beam.

10. A non-transitory machine-readable medium having stored thereon machine-readable
instructions executable to cause a wireless networking device to perform the method of claim 1,
wherein the communicating with the first responder device using the communication link

comprises communicating with the first responder device using a 60 GHz communication.

11. A method comprising:
obtaining communication information from a first interferee device;
transmitting a packet to the first interferee device;
obtaining a first channel measurement from the first interferee device;

forming a beam in accordance with the first channel measurement; and

-20-



WO 2017/007973 PCT/US2016/041405

communicating with a first responder device using a communication link formed using the
beam, wherein the first interferee device comprises a non-participating device with respect to the

communication link.

12. The method of claim 11, further comprising:
transmitting a second packet to a second interferee device;
obtaining a second channel measurement from the second interferee device; and
forming the beam in accordance with the first channel measurement and the second

channel measurement.

13. The method of claim 11, further comprising:
transmitting the packet to a the first responder device and second responder device;
obtaining a first responder channel measurement from the first responder device
obtaining a second responder channel measurement from the second responder idevice; and
forming the beam in accordance with the first channel measurement, the first responder

channel measurement, and the second responder channel measurement.

14. The method of claim 11, wherein forming the beam in accordance with the first
channel measurement comprises:

determining an antenna weight vector based on the first channel measurement to reduce
interference caused by the beam to the first interferee device; and

forming the beam in accordance with the antenna weight vector.

15. The method of claim 11, further comprising receiving a BRP request from the first
interferee device after an initial communication between the wireless networking device and the

first responder device.

16. The method of claim 11, wherein the communication information from the first
interferee device comprises a beam form request generated by the first interferee device and
responsive to a determination that the first interferee device is interfered to a predefined degree by

a communication between the first responder device and the initiator device.

17. The method of claim 11, further comprising:
detecting a change of circumstance associated with the communication link;

obtaining an updated channel measurement from the first interferee device;
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forming an updated beam in accordance with the updated channel measurement; and

communicating with the first responder device using the updated beam.

18. A wireless networking device, comprising:
an antenna sub-system configured to transmit and receive beamformed wireless
transmissions; and
a controller configured to perform operations comprising:
detecting, using the antenna sub-system, a packet sent by a transmitter device;
requesting permission from the transmitter device to provide channel measurement
information associated with the wireless networking device; and
providing the channel measurement information to the transmitter device, wherein
the wireless networking device comprises a non-participating device with respect to

communication links formed with respect to the transmitter device.

19. The wireless networking device of claim 18, wherein the packet includes information

identifying the packet as part of a beamformed wireless communication with a responder device.

20. The wireless networking device of claim 18, wherein the packet comprises information
identifying the packet as an announcement broadcasted by the transmitter device to a plurality of
wireless networking devices and requesting the plurality of wireless networking devices provide
communication information regarding a beamformed wireless communication with a responder

device.
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