wo 2015/011553 A1 |JIN I 00O A0 O

(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 2015/011553 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

31

29 January 2015 (29.01.2015) WIPOIPCT
International Patent Classification:
H04B 7/06 (2006.01)
International Application Number:
PCT/IB2014/001384

International Filing Date:
25 July 2014 (25.07.2014)

Filing Language: English
Publication Language: English
Priority Data:

61/859,065 26 July 2013 (26.07.2013) US
Applicant: MARVELL WORLD TRADE LTD.

[BB/BB]; L'Horizon, Gunsite Road Brittons Hill, 14027 St.
Michael (BB).

Inventor: ZHANG, Hongyuan; 4707 Paseo Padre Park-
way, Fremont, CA 94555 (US).

Agents: HUNTER, William, E. et al.; Fish & Richardson
P.C., P.O. Box 1022, Minneapolis, MN 55440-1022 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,

(84)

DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

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

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

(54) Title: INTERFERENCE AVOIDANCE FOR BEAMFORMING TRANSMISSIONS IN WIRELESS COMMUNICATION
DEVICES ANS SYSTEMS

Intended
Device

110b

BSS-A

Impacted
Device
110c

Bss&

Fig. 1

(57) Abstract: Systems and techniques for interference avoidance beamforming transmissions are described. A described technique
includes accessing, at a first device, data for transmission to a second device; performing, at the first device, a channel sounding pro -
cess with a third device to obtain channel feedback regarding a wireless channel between the first device and the third device; de-
termining a steering matrix based on the channel feedback to reduce interference leakage received by the third device during a beam -
forming transmission from the first device to the second device; and performing, at the first device, the beamforming transmission to
the second device based on the data and the steering matrix.
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INTERFERENCE AVOIDANCE FOR BEAMFORMING TRANSMISSIONS IN

WIRELESS COMMUNICATION DEVICES AND SYSTEMS

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This disclosure claims the benefit of the priority of U.S. Provisional Application
Serial No. 61/859,065, filed July 26, 2013, which is incorporated herein by reference in its

entirety.

BACKGROUND
[0002] Wireless Local Area Networks (WLANSs) include multiple wireless
communication devices that communicate over one or more wireless channels. When operating
in an infrastructure mode, a wireless communication device called an access point (AP) provides
connectivity with a network such as the Internet to other wireless communication devices, e.g.,
client stations or access terminals (AT). Various examples of wireless communication devices
include mobile phones, smart phones, wireless routers, wireless hubs. In some cases, wireless
communication electronics are integrated with data processing equipment such as laptops,
personal digital assistants, and computers.
[0003] Wireless networks such as WLANSs can use one or more wireless communication
technologies such as orthogonal frequency division multiplexing (OFDM). In an OFDM based
wireless communication system, a data stream is split into multiple data substreams. Such data
substreams are sent over different OFDM subcarriers, which can be referred to as tones or
frequency tones. Some wireless networks use a single-in-single-out (SISO) communication

approach, where each wireless communication device uses a single antenna. Other wireless
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networks use a multiple-in-multiple-out (MIMO) communication approach, where a wireless
communication device uses multiple transmit antennas and multiple receive antennas. WLANSs
such as those defined in the Institute of Electrical and Electronics Engineers (IEEE) wireless
communications standards, e.g., IEEE 802.11a, IEEE 802.11n, IEEE 802.11ac, can use OFDM
to transmit and receive signals. Moreover, WLANS, such as ones based on the IEEE 802.11n or

IEEE 802.11ac standards, can use OFDM and MIMO.

SUMMARY
[0004] The present disclosure includes systems and techniques for interference
avoidance beamforming transmissions. According to an aspect of the described systems and
techniques, a method for interference avoidance beamforming transmissions includes accessing,
at a first device, data for transmission to a second device; performing, at the first device, a
channel sounding process with a third device to obtain channel feedback regarding a wireless
channel between the first device and the third device; determining a steering matfix based
on the channel feedback to reduce interference leakage received by the third device during a
beamforming transmission from the first device to the second device; and performing, at the first
device, the beamforming transmission to the second device based on the data and the steering
matrix.
[0005] The described systems and techniques can be implemented in electronic circuitry,
computer hardware, firmware, software, or in combinations of them, such as the structural means
disclosed in this specification and structural equivalents thereof. This can include at least one
computer-readable medium embodying a program operable to cause one or more data processing

apparatus (e.g., a signal processing device including a programmable processor) to perform
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operations described. Thus, program implementations can be realized from a disclosed method,
system, or apparatus, and apparatus implementations can be realized from a disclosed system,
computer-readable medium, or method. Similarly, method implementations can be realized from
a disclosed system, computer-readable medium, or apparatus, and system implementations can
be realized from a disclosed method, computer-readable medium, or apparatus.

[0006] For example, one or more disclosed embodiments can be implemented in various
systems and apparatus, including, but not limited to, a special purpose data processing apparatus
(e.g., a wireless communication device such as a wireless access point, a remote environment
monitor, a router, a switch, a computer system component, a medium access unit), a mobile data
processing apparatus (e.g., a wireless client, a cellular telephone, a smart phone, a personal
digital assistant (PDA), a mobile computer, a digital camera), a general purpose data processing
apparatus such as a computer, or combinations of these.

[0007] Particular configurations of the technology described in this disclosure can be
implemented so as to realize one or more of the following potential advantages. During a
beamforming transmission to an intended device, a described technique can reduce an
interference signal associated with the beamforming transmission that is experienced by an
impacted device. A described technique can minimize interference between overlapping basic
service sets by allowing a sounding process between two or more basic service sets to take place.
A described technique can increase spectrum efficiency, wireless network density, or both.
[0008] Details of one or more implementations are set forth in the accompanying
drawings and the description below. Other features and advantages may be apparent from the

description and drawings, and from the claims.
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DRAWING DESCRIPTIONS
[0009] FIG. 1 shows an example of interference between different wireless local area

networks during a nominal beamforming transmission.

[0010] FIG. 2 shows a simplified block diagram of a wireless communication device 205.
[0011] FIG. 3 shows an example of an interference avoidance beamforming transmission
process.

[0012] FIG. 4 shows an example of an interference avoidance beamforming transmission

process that uses explicit sounding.

[0013] FIG. 5 shows an example of an interference avoidance beamforming transmission
process that uses explicit sounding for intended and impacted devices.

[0014] FIG. 6 shows an example of sounding processes associated with an interference
avoidance beamforming transmission.

[0015] FIG. 7 shows an example of a wireless communication sequence that includes an
explicit sounding sequence for an interference avoidance beamforming transmission.

[0016] FIG. 8 shows an example of a wireless communication sequence that includes an
explicit sounding sequence with multiple impacted devices for an interference avoidance
beamforming transmission.

[0017] FIG. 9 shows an example of a wireless communication sequence that includes an
implicit sounding sequence for an interference avoidance beamforming transmission.

[0018] Like reference symbols in the various drawings indicate like elements.
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DETAILED DESCRIPTION
[0019] A wireless network such as a WLAN can select from two or more predetermined
frequency bands an operational frequency band for use in its Basic Service Set (BSS). Different
networks can use different frequency bands to minimize interference. However, densely
deployed wireless networks may experience Co-Channel Interference (CCI) from Overlapping
Basic Service Sets (OBSS). For example, in the 2.4GHz band for IEEE 802.11, there are only
three 20MHz channels, so frequency reuse may be very low which can result in OBSS collisions,
e.g., where two basic service sets have to share the same frequency band.
[0020] When an OBSS collision happens, interference and performance degradation may
occur and can have an impact on unicast packets (e.g., data frames) and broadcast packets (e.g.
management frames, control frames). For a unicast packet, an OBSS collision can trigger a Clear
Channel Assessment (CCA) and possible physical (PHY) layer decoding. Here, packet
processing may cease at the medium access control (MAC) layer when a MAC address
mismatch happens, however, CCA can continue to the end of the packet, hence packet
transmission is blocked. For a broadcast packet, such as a management frame, an OBSS collision
can result in the MAC layer to continue processing the management frame till the end of the
packet, setting a long network allocation vector (NAV) that blocks its own transmissions.
[0021] While a wireless network may use transmission beamforming (TxBF) to steer
signals within a BSS, interference may result with another BSS or the same BSS. This disclosure
proposes interference avoidance transmission beamforming (IA-TxBF) in which transmission
beamforming is performed with an intended device while avoiding interference leakage to other

devices, which could be in the same BSS or a different, overlapping BSS.
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[0022] FIG. 1 shows an example of interference between different wireless local area
networks during a nominal beamforming transmission. Devices 110a-c can communicate via a
wireless channel within an operating environment 101. The operating environment 101 can
include devices 110a-b associated with BSS-A 105a and one or more devices 110c associated
with a BSS-B 105b. In this example, BSS-A 105a and BSS-B 105b are forced to operate in the
same frequency band. The "interfering" device 110a performs a nominal beamforming
transmission 120 to an "intended" device 110b using two or more antennas. Unfortunately, the
nominal beamforming transmission 120 can cause interference to other devices such as an
"impacted" device 110c, which degrades the performance of the impacted device 110c.
However, by using an interference avoidance procedure described herein, the nominal
beamforming transmission 120 is replaced by an interference avoidance (IA) beamforming
transmission that is steered to reduce interference to the impacted device 110c¢ by directing most.
of its energy towards the intended device 110b and away from the impacted device 110c.

[0023] FIG. 2 shows a simplified block diagram of a wireless communication device 205.
The device 205 can include processor electronics 210 such as one or more processors that
implement methods effecting the techniques presented in this disclosure. Various examples of
device 205 include access point (AP), base station (BS), access terminal (AT), client station, or
mobile station (MS). The device 205 can include transceiver electronics 215 to send and/or
receive wireless signals over one or more antennas 220a-b. In some implementations, transceiver
electronics 215 can include multiple radio units. In some implementations, a radio unit includes a
baseband unit (BBU) and a radio frequency unit (RFU) to transmit and receive signals. The
device 205 can include on;: or more memories 225 configured to store information such as data

and/or instructions. In some implementations, the device 205 includes dedicated circuitry for
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transmitting and dedicated circuitry for receiving. The device 205 can be configured to transmit
a beamforming signal, receive a beamforming signal, or both.

[0024] FIG. 3 shows an example of an interference avoidance beamforming transmission
process. This process can be implemented by a wireless communication device such as the
device 205 depicted by FIG. 2. At 305, the process accesses data for a beamforming transmission
to an intended device. Accessing data can including receive a data unit from a higher layer at a
MAC layer.

[0025] At 310, the process performs a channel sounding process with an impacted device
to obtain channel feedback regarding a wireless channel that is formed with the impacted device.
Various examples of a channel sounding process include an explicit channel sounding process or
implicit sounding process. Performing an explicit channel sounding process can include
transmitting a sounding announcement packet to the impacted device, transmitting a sounding
packet, and receiving channel feedback from the second device. In some implementations, the
sounding announcement packet can include an interference avoidance indicator to inform the
recipient that the sounding packet is for an interference avoidance determination. Performing an
implicit channel sounding process can include receiving a sounding announcement packet from
the impacted device, receiving a sounding packet, and determining the channel feedback based
on the sounding packet.

[0026] At 315, the process determines a steering matrix based on the channel feedback to
reduce interference leakage received by the impa\cted device during the beamforming
transmission to the intended device. In some implementations, determining the steering matrix
can include determining a null space of a wireless channel matrix that represents a wireless

channel formed with the impacted device.
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[0027] At 320, the process performs the beamforming transmission to the intended
device based on the data and the steering matrix. Performing the beamforming transmission can
include applying the steering matrix to an information vector that represents at least a portion of
the data. In some implementations, the beamforming transmission can include data for multiple
intended devices using multi-user beamforming transmission (MU-TxBF).

[0028] A sounding process can be used to determine one or more parameters such as a
steering matrix for a beamforming transmission. Responsive to a sounding process, a device can
obtain or perform channel estimation of a wireless channel formed between pairs of antennas on
different devices to assist in transmitting data, decoding of a received signal, or both. The
channel can be represented by the channel matrix H . Performing channel estimation can
including computing a full-dimensional MIMO channel matrix H in each sampled subcartier of
a MIMO-OFDM system. In some implementations, a device uses’ channel estimation data to

shape multi-antenna communications such as spatial multiplexing or beamforming. In some

implementations, a device can determine one or more wireless channel matrices H/ for

respective subcarriers, e.g., OFDM tones, based on one or more received signals, where H,."
represents the channel conditions for the k-th tone associated with the i-th receiver. Note that the

k-th superscript in H can be dropped for clarity. Further, it can be assumed that an operation

involving H, can apply to one or more channel matrices for one or more subcarriers.

[0029] A transmitter device can perform a single user beamforming transmission (SU-

TxBF) to a single receiver device using a steering matrix Q that directs the signal output of two
or more antennas towards the single receiver. The steering matrix (' can be a function of a

channel matrix H corresponding to a channel between the transmitter and the receiver. In some
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implementations, a transmitter can perform a MU-TxBF to two or more receivers using steering

matrices (), that directs the signal output of multiple antennas towards the receivers, the signal

output forms two or more dominant radiation lobes that coincide with the locations of the two or
more receivers. Thus, a MU-TxBF can concurrently provide data to the two or more receivers
via different spatial wireless channels within the same transmission frame. The transmitter-can

use a MU-TxBF OFDM transmission signal model based on
N
5= ZIQixi
I=

where s is a transmitted signal vector for an OFDM tone, N is a number of simultaneously

serviced receivers, x; is an information vector intended for the i-th receiver, and Q, is a steering

matrix for the i-th receiver.

[0030] In a MU-TxBF model where data for multiple users are transmitted in the same
packet, a received signal can include a signal component intended for the i-th receiver and one or
more co-channel interference components from one or more signals intended for one or more

other receivers. For example, a received signal at the i-th receiver can be expressed by:

y, =HQx; + HiZQkxk +n,

k#i
where H, represents a wireless channel matrix associated with a wireless channel between a
transmitter and the i-th receiver, O, is a steering matrix for the i-th receiver, and n, represents

noise at the i-th receiver. The summation term represents the co-channel interference
components and the summation is performed over values of j corresponding to receivers other

than the i-th receiver.
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[0031] In IA-TxBF, each packet can provide data for a receiver device, which is similar
to SU-TxBF. However, a goal of IA-TxBF is to cancel or minimize interference leakage to other
receivers such as a receiver in a different BSS. In a [A-TxBF model, a received signal at an

intended receiver in one subcarrier is represented by y, = H,Q,x, +n, whereas the leaked
interference signal at an impacted receiver in one subcarrier is represented by y, =H,Q,x, +n_,
where channel matrix H, corresponds to a channel formed with the intended receiver and
channel matrix H, corresponds to a channel formed with the impacted receiver.

[0032] For IA-TxBF to cancel interference leakage to an impacted receiver, a steering

matrix Q, can be designed with the following constraint: H;Q, =0 which can be realized by
determining a Q, such that Q, e null(H)), i.e., Q, is in a null space of the leakage channel
matrix H, . Due to impairments and channel variations, absolute zero, i.e., absolute cancellation,

may not be possible, however, the leakage at the impacted device can be minimized.

[0033] One example of the Q design for IA-TxBF can be expressed as follows: '

Q =V, V
where V ,  is a null steering matrix which "steers" to the null space of H, ; and V, is the
steering matrix that optimizes the performance of the composite channel matrix H,.V,,, . Note
that V, is computed and used only if H, is also available, otherwise V,=1 where 1 is the
identity matrix, or alternatively, the Q design becomes Qi =V, .

[0034] In some implementations, a null steering matrix V,,, for a channel matrix H,

can be computed basedon V, , =1-V, V;,L where V,, is the steering matrix for a channel

10
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matrix H, and V;,L is the conjugate transpose of V,, . In some implementations, V,, is
determined by computing the singular vectors of H, . The singular vectors can be generated by
using a singular value decomposition (SVD) technique. Note that the columns in Vv, forms
basis vectors of the null-space of the channel matrix H, . A sounding technique, such as explicit

or implicit techniques as described herein, can be used to determine associated channel
information, e.g., the channel matrices, the V steering matrices, or both, for IA-TxBF.

[0035] An interfering device can become aware of interference that it is causing to an
impacted device in the same BSS or another BSS. Based on over hearing a strong interfering
signal from the interfering device, the impacted device can initiate an explicit sounding process
by sending a request such as a sounding request to the interfering device to cause the interfering
device to send a sounding packet that is addressed to the impacted device. In some
implementations, the sounding packet includes an null data packet (NDP) such as an NDP
defined by IEEE 802.11n or 802.11ac. In some implementations, the interfering device sends
before the NDP, an NDP announcement frame that includes a MAC header. The MAC header
can include a destination address of the impacted device and an indicator indicating that this is
for an interference avoidance sounding process.

[0036] The impacted device receives the sounding packet, and uses it to determine and
send a feedback packet back to the interfering device. In some implementations, the feedback
packet includes CSI feedback such as quantized channel state information from the interfering

device to the impacted device, e.g., H, . In some implementations, the feedback packet includes

compressed V matrix feedback. In some implementations, compressed V matrix feedback

includes values for angles representing two or more beamforming feedback matrices V that

11
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correspond to two or more OFDM subcarriers. In some implementations, the feedback packet

includes a compressed version of the null steering matrix V,,, which is based on the CSI and is

an orthogonal matrix so that it can be compressed for transmission. In some implementations, V
matrix feedback can be based on the basis of CSI (e.g., singular vectors of an H matrix) as is the
case for SU-TxBF. In some implementations, the feedback packet includes non-compressed V
matrix feedback. For example, the feedback packet includes non-compressed V matrix feedback
such as a quantized steering matrix computed based on the CSI from the interfering device to the
impacted device; note that the V matrix is not required to be orthogonal for the non-compressed
case.

[0037] Based on the feedback, the interfering device computes IA-TxBF steering

matrices. For CSI (e.g., H, ) feedback, the interfering device can determine a Q, fora
beamforming transmission to the i-th device such that Q, € null(H,) . For compressed or non-
compressed V matrix feedback in the case that feedback is null steering data, e.g., V,, , then the
interfering device can determine a Q, directly from the feedback, e.g., Q, =V, H,

or Q, =V, .V, if V, has been determined via a sounding process with the i-th device.

However, for compressed or non-compressed V matrix feedback in the case that feedback is

based on the basisof H, , e.g., VHL , the interfering device can derive the null steering matrix
Vi, =I-V, V:L before computing Q, for a beamforming transmission to the i-th device.

[0038] There can be multiple impacted devices. In such cases, the interfering device can
perform explicit sounding by sending multiple sounding packets to multiple impacted devices in

the OBSS at the same time or at different times. Alternatively, the interfering device can perform

12



WO 2015/011553 PCT/IB2014/001384

implicit sounding by receiving multiple sounding packets from muitiple impacted devices. The
interfering device can jointly compute a steering matrix for IA-TxBF based on channel feedback
from the multiple impacted devices. For example, the interfering device can jointly compute a

null-steering to the composite channel matrix to the impacted devices by determining Q, for a
beamforming transmission to the i-th device such that Q, e nuli(H,,H, ,,...), where
H, ,H,,,... are respective channel matrices for channels between the interfering device and the

impacted devices.

[0039] FIG. 4 shows an example of an interference avoidance beamforming transmission
process that uses explicit sounding. This process can be implemented by a transmitter. At 405,
the process performs a beamforming transmission to an intended device. Performing the
beamforming transmission can include transmitting one or more steered frames to the intended
device. At 410, the process determines whether a sounding request from an impacted device has
been received. In some implementations, an impacted device can send a sounding request
containing an interference avoidance indicator if the interference from the beamforming
transmission exceeds a predetermined threshold. If a sounding request has not been received,
then the process continues to perform the beamforming transmission to the intended device at
405. If a sounding request has been received, the process, at 415, transmits a sounding packet
having an interference avoidance indicator to the impacted device. In some implementations, the
sounding packet is announced by a sounding announcement packet that has the interference
avoidance indicator.

[0040] At 420, the process receives channel feedback from the impacted device that is

based on the sounding packet. In some implementations, receiving channel feedback can include

13
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receiving a packet containing a beamforming feedback matrix, e.g., V,, . The beamforming

feedback matrix can be compressed. In some implementations, receiving channel feedback can
include receiving a packet containing information that is indicative of a channel matrix. In some
implementations, if the impacted device knows that this sounding is for interference avoidance,
the impacted device can transmit channel feedback containing a null space beamforming

feedback matrix, e.g., V, H, -

[0041] At 425, the process determines a steering matrix based on the channel feedback to
reduce interference leakage recetved by the impacted device during a next beamforming
transmission to the intended device. In some implementations, determining the steering matrix
can include determining a null steering matrix responsive to the channel feedback. The null
steering matrix can be based on a null space of a wireless channel matrix associated with a
wireless channel that is formed with the impacted device. At 430, the process performs the next
beamforming transmission to the intended device based on data for the intended data and the
steering matrix.

[0042] FIG. 5 shows an example of an interference avoidance beamforming transmission
process that uses explicit sounding for intended and impacted devices. At 505, the process
transmits one or more sounding packets to devices including an intended device of a
beamforming transmission and one or more impacted devices. A sounding packet can include
signals based on pre-defined reference signals. A sounding packet can include two or more
segments for sounding two or more different antennas.

[0043) At 510, the process receives feedback packets from the devices. A feedback

packet can include information that is derived from a wireless channel estimation that is based

14
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on a received sounding packet. In some implementations, a feedback packet includes channel
state information (CSI). In some implementations, CSI includes two or more signal-to-noise ratio
values for two or more antennas being sounded by the sounding packet. In some
implementations, a feedback packet includes beamforming feedback information such as a
beamforming feedback matrix. In some implementations, a feedback packet includes interference
feedback information such as an interference feedback matrix. Values that constitute a matrix
can be compressed for transmission.

[0044] At 515, the process determines an initial steering matrix based on the feedback
packet from the intended device that optimizes a performance of the beamforming transmission
with respect to the intended device. Determining an initial steering matrix can include deriving a
wireless channel matrix H based on CSI values in a feedback packet from the intended device.
Determining an initial steering matrix can include uncompressing a matrix V from compressed
beamforming feedback matrix data in a feedback packet from the intended device.

[0045] At 520, the process determines a null steering matrix based on the one or more
feedback packets from the one or more impacted devices. At 525, the process determines a
revised steering matrix based on the initial steering matrix and the null steering matrix. At 530,
the process generates a steered data packet based on the steering matrix and data for the intended
device. At 535, the process transmits the steered data packet to the intended device.

[0046] FIG. 6 shows an example of sounding processes associated with an interference
avoidance beamforming transmission. Devices 610a-e can communicate via one or more
wireless channels within an operating environment 601. The interfering device 610a can perform
one or more sounding processes 615a with one or more intended devices 610b-c. Results of the

one or more sounding processes 615a can be used for SU-TxBF or MU-TxBF. Further, the

15
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interfering device 610a can perform one or more sounding processes 615b with one or more one
or more impacted devices 610d-e. Results of the one or more sounding processes 615b can b¢
used for interference avoidance versions of SU-TxBF or MU-TxBF. In some implementations,
the interfering device 610a can perform both of the sounding processes 615a-b concurrently. In
some implementations, the interfering device 610a only performs the one or more sounding
processes 615b for interference avoidance if triggered by an interference avoidance request from
an impacted device 610d-e. In some implementations, two or more types of soundings (e.g.,
explicit or implicit) can be used for the sounding processes 615a-b. For example, sounding
process 615a can be explicit, while sounding process 615b can be implicit.

[0047] FIG. 7 shows an example of a wireless communication sequence that includes an
explicit sounding sequence for an interference avoidance beamforming transmission. Devices
705a-c, which include an interfering device 705a, intended device 705b, and impacted device
705¢, can communicate via a wireless channel. Interfering device 705a and intended device 705b
are associated with BSS-A, while impacted device 705¢ is associated with BSS-B. In this
example, impacted device 705¢ may detect interference, e.g., signals, from interfering device
705a and decide to transmit a sounding request 730. In response to receiving the sounding
request 730, interfering device 705a can transmit a sounding announcement packet such as an
NDP Announcement (NDP-A) 740 to indicate that a sounding packet such as an NDP will be
transmitted. The NDP-A 740 can include an indicator conveying that it is for an interference
avoidance sounding process. The NDP-A 740 can include a destination address field having a
network address associated with impacted device 705c.

[0048] After transmission of the NDP-A 740, interfering device 705a can transmit the

corresponding NDP 745. Impacted device 705¢ can receive the NDP-A 740 and the NDP 745,

16
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and based at least on the latter, determine information about a wireless channel between itself
and interfering device 705a. Impacted device 705¢ can generate a feedback packet 755 based on
the wireless channel information and transmit the feedback packet 755 to interfering device
705a. In some implementations, the feedback packet 755 can include CSI. In some
implementations, the feedback packet 755 can include a compressed or a non-compressed
steering matrix. In some implementations, the feedback packet 755 can include compressed V
matrix feedback, or a non-compressed V matrix feedback. In some implementations, the
feedback packet 755 can include a compressed or a non-compressed null steering matrix.

[0049] Interfering device 705a can use the feedback packet 755 to determine a steering
matrix for an interference avoidance beamforming transmission 760 to intended device 705b that
minimizes signal transmission towards impacted device 705¢. In some implementations, based
on a successful reception of the beamforming transmission 760, intended device 705b can send
an ACK 765.

[0050] FIG. 8 shows an example of a wireless communication sequence that includes an
explicit sounding sequence with multiple impacted devices for an interference avoidance
beamforming transmission. Devices 805a-d, which include interfering device 805a, intended
device 805b, impacted device A 805¢c, and impacted device B 8§05d, can communicate via a
wireless channel. Interfering device 805a and intended device 805b are associated with BSS-A,
while impacted device A 805¢ is associated with BSS-B and impacted device B 805¢ is
associated with BSS-C. In some implementations, impacted device A 805¢c may detect
interference, e.g., signals, frém interfering device 805a and decide to transmit a sounding request

830 to inform the interfering device 805a about the interference.
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[0051] Interfering device 805a can transmit an NDP-A 840 to indicate that an NDP 845
will be transmitted. The NDP-A 840 can include an indicator, such as one or more bits in a
header field, conveying that it is for an interference avoidance sounding process. Further, the
NDP-A 840 can include a destination address field having a broadcast address. By using a
broadcast address, the interfering device 805a can determine whether there are other impacted
devices. In some implementations, the NDP-A 840 is sent in response to receiving the sounding
request 830. In some implementations, the interfering device 805a periodically sends the NDP-A
840 without receiving a sounding request 830 to proactively minimize interference to one or
more devices.

[0052] After transmission of the NDP-A 840, interfering device 805a can transmit the
corresponding NDP 845. Impacted devices 805¢-d can receive the NDP-A 840 and the NDP 845,
and based at least on the latter, determi‘ne information about wireless channels between
themselves and interfering device 805a. Impacted devices 805¢-d can generate feedback packets
855a-b based on the determined wireless channel information and transmit the feedback packets
855a-b to interfering device 805a. The impacted devices 805¢-d can separately wait a
randomized delay interval before sending their respective feedback packets 855a-b to minimize
the chance of collision. In some implementations, the feedback packets 855a-b can include CSI
such as one or more Signal to Noise Ratio (SNR) values for one or more transmission antennas
being sounded by the NDP 845. In some implementations, the feedback packets 855a-b can
include a compressed or a non-compressed steering matrix. In some implementations, the
feedback packets 855a-b can include compressed V matrix feedback, or a non-compress V
matrix feedback. In some implementations, the feedback packets 855a-b can include a

compressed or a non-compressed null steering matrix.

18



WO 2015/011553 PCT/IB2014/001384

[0053] Interfering device 805a can use the feedback packets 855a-b to determine a
steering matrix for an interference avoidance beamforming transmission 860 to intended device
805b that minimizes signal transmission towards one or more of the impacted devices 805¢-d. In
some implementations, interfering device 805a can select an impacted device from a group of
impacted devices 805¢-d experiencing the strongest interference, and compute a steering matrix
for the interference avoidance beamforming transmission 860 based on the feedback packet from
the selected impacted device. In some implementations, the selection of the impacted device is
determined by comparing SNR values in channel feedback packets. In some implementations,
interfering device 805a can compute a steering matrix for the interference avoidance
beamforming transmission 860 based on a joint null space calculation, e.g.,

Q enmulH, ,H,,..).

[0054] FIG. 9 shows an example of a wireless communication séquence that includes an
implicit sounding sequence for an interference avoidance beamforming transmission. Devices
905a-c, which include an interfering device 905a, intended device 905b, and impacted device
905¢, can communicate via a wireless channel. Interfering device 905a and intended device 905b
are associated with BSS-A, while impacted device 905c¢ is associated with BSS-B. Interfering
device 905a performs a nominal beamforming transmission 910 to the intended device 905b. In
some implementations, based on a successful reception of the beamforming transmission 910,
intended device 905b can send an ACK 915. In this example, impacted device 905¢ may detect
interference, e.g., signals associated with the nominal beamforming transmission 910, from
interfering device 905a and decide to start an interference avoidance sounding process by
sending an NDP-A 940 to indicate that an NDP 945 will be transmitted. The NDP-A 940 can

include an indicator conveying that it is for an interference avoidance sounding process. Further,
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the NDP-A 940 can include a destination address field having a broadcast address. After
transmission of the NDP-A 940, impacted device 905¢ can transmit the corresponding NDP 945.
[0055] Interfering device 905a can receive the NDP 945 and use it to determine a

channel matrix H for a wireless channel between itself and interfering device 905a. The

implicit

interfering device 905a can compute a transpose of H to determine H,, V,, ,and Q,.

implicit
Interfering device 905a can use Q, for an interference avoidance beamforming transmission 960

to intended device 905b that minimizes signal transmission towards Impacted device 905c¢.
[0056] In some implementations, the interfering device 905a can receive sounding
packets from multiple impacted devices. In some implementations, based on comparing
interference information extracted from the sounding packets, the interfering device 905a can
select an impacted device that experiences the most interference from the interfering device
905a. In some implementations, the interfering device 905a can compute a joint steering matrix
based on null spaces of leakage channel matrices indicated by two or more sounding packets
from two or more impacted devices.

[0057] In some implementations, a technique for interference avoidance beamforming
transmissions can include accessing, at a first device, data for transmission to a second device;
performing, at the first device, a channel sounding process with a third device to obtain channel
feedback regarding a wireless channel between the first device and the third device; determining
a steering matrix based on the channel feedback to reduce interference leakage received by the
third device during a beamforming transmission from the first device to the second device; and

performing, at the first device, the beamforming transmission to the second device based on the
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data and the steering matrix. Other implementations are directed to systems, devices and
computer-readable, storage mediums.

[0058] These and other implementations can include one or more of the following
features. In some implementations, determining the steering matrix can include determining a
null steering matrix responsive to the channel feedback, the null steering matrix being based on a
null space of a wireless channel matrix associated with the wireless channel. In some
implementations, determining the steering matrix can include determining a first matrix
responsive to the channel feedback, the first matrix being based on a null space of a wireless
channel matrix associated with the wireless channel; and determining a second matrix to
improve a performance of the beamforming transmission with respect to the second device, the
steering matrix being based on the first matrix and the second matrix. In some implementations,
the channel sounding process can include transmitting a sounding announcement packet to the
third device, the sounding announcement packet can include an interference avoidance indicator;
transmitting a sounding packet after transmitting the sounding announcement packet; and
receiving the channel feedback from the third device, the channel feedback being based on the
sounding packet. In some implementations, the steering matrix is based on a null space of a
wireless channel matrix that represents channel state information, the channel state information
being included in the channel feedback. In some implementations, determining the steering
matrix can include determining a null steering matrix based on steering matrix feedback such
that columns in the null steering matrix form basis vectors in a null-space of a wireless channel
matrix associated with the third device, the steering matrix feedback being included in the
channel feedback. In some implementations, the channel sounding process can include receiving,

at the first device, a sounding announcement packet from the third device, the sounding
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announcement packet can include an interfepence avoidance indicator; receiving, at the first
device, a sounding packet from the third device after receiving the sounding announcement
packet; and determining, at the first device, the channel feedback based on the sounding packet.
In some implementations, the second device and the third device are associated with different
basic service sets, the basic service sets overlapping in a frequency band.

[0059] An apparatus can include first circuitry configured to access data for transmission
to a first device; and second circuitry configured to control a channel sounding process with a
second device to obtain channel feedback regarding a wireless channel between the apparatus
and the second device, determine a steering matrix based on the channel feedback to reduce
interference leakage received by the second device during a beamforming transmission from the .
apparatus to the first device, and control the beamforming transmission to the first device based
on the data and the steering matrix. In some implementations, the steering matrix is based on a
null steering matrix. In some implementations, the second circuitry is configured to determine
the null steering matrix responsive to the channel feedback, the null steering matrix being based
on a null space of a wireless channel matrix associated with the wireless channel. In some
implementations, the second circuitry is configured to determine a first matrix responsive to the
channel feedback, the first matrix being based on a null space of a wireless channel matrix
associated with the wireless channel, and determine a second matrix to improve a performance of
the beamforming transmission with respect to the first device, the steering matrix being based on
the first matrix and the second matrix. In some implementations, the channel sounding process
can include transmitting a sounding announcement packet to the second device, the sounding
announcement packet can include an interference avoidance indicator; transmitting a sounding

packet after transmitting the sounding announcement packet; and receiving the channel feedback
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from the second device, the channel feedback being based on the sounding packet. In some
implementations, wherein the steering matrix is based on a null space of a wireless channel
matrix that represents channel state information, the channel state information being included in
the channel feedback. In some implementations, the second circuitry is configured to determine
the null steering matrix based on steering matrix feedback such that columns in the null steering
matrix form basis vectors in a null-space of a wireless channel matrix associated with the second
device, the steering matrix feedback being included in the channel feedback. In some
implementations, the channel sounding process can include receiving a sounding announcement
packet from the second device, the sounding announcement packet can include an interference
avoidance indicator; receiving a sounding packet from the second device after receiving the
sounding announcement packet; and determining the channel feedback based on the sounding
packet. In some implementations, wherein the first device and the second device are associated
with different basic service sets, the basic service sets overlapping in a frequency band.

[0060] A system can include transceiver electronics configured to wirelessly
communicate with devices including a first device and a second device; and processor
electronics coupled with the transceiver electronics. The processor electronics can be configured
to access data for transmission to the first device, control a channel sounding process with the
second device to obtain channel feedback regarding a wireless channel between the system and
the second device, determine a steering matrix based on the channel feedback to reduce
interference leakage received by the second device during a beamforming transmission from the
system to the first device, and control the beamforming transmission to the first device based on
the data and the steering matrix. In some implementations, the steering matrix is based on a null

steering matrix, and wherein the processor electronics are configured to determine the null
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steering matrix responsive to the channel feedback, the null steering matrix being based on a null
space of a wireless channel matrix associated with the wireless channel. In some
implementations, the processor electronics are configured to determine a first matrix responsive
to the channe] feedback, the first matrix being based on a null space of a wireless channel matrix
associated with the wireless channel, and determine a second matrix to improve a performance of
the beamforming transmission with respect to the first device, the steering matrix being based on
the first matrix and the second matrix. In some implementations, the channel sounding process
can include transmitting a sounding announcement packet to the second device, the sounding
announcement packet can include an interference avoidance indicator; transmitting a sounding
packet after transmitting the sounding announcement packet; and receiving the channel feedback
from the second device, the channel feedback being based on the sounding packet. In some
implementations, the steering matrix is based on a null space of a wireless channel matrix that
represents channel state information, the channel state information being included in the channel
feedback. In some implementations, the processor electronics are configured to determine the
null steering matrix based on steering matrix feedback such that columns in the null steering
matrix form basis vectors in a null-space of a wireless channel matrix associated with the second
device, the steering matrix feedback being included in the channel feedback. In some
implementations, the channel sounding process can include receiving a sounding announcement
packet from the second device, the sounding announcement packet can include an interference
avoidance indicator; receiving a sounding packet from the second device after receiving the
sounding announcement packet; and determining the channel feedback based on the sounding
packet. In some implementations, the first device and the second device are associated with

different basic service sets, the basic service sets overlapping in a frequency band.
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[0061] A few embodiments have been described in detail above, and various
modifications are possible. The disclosed subject matter, including the functional operations
described in this specification, can be implemented in electronic circuitry, computer hardware,
firmware, software, or in combinations of them, such as the structural means disclosed in this
specification and structural equivalents thereof, including potentially a program operable to
cause one or more data processing apparatus to perform the operations described (such as a
program encoded in a computer-readable medium, which can be a memory device, a storage
device, a machine-readable storage substrate, or other physical, machine-readable medium, or a
combination of one or more of them).

[0062] The term “data processing apparatus” encompasses all apparatus, devices, and.
machines for processing data, including by way of example a programmable processor, a
computer, or multiple processors or computers. The apparatus can include, in addition to
hardware, code that creates an execution environment for the computer program in question, e.g.,
code that constitutes processor firmware, a protocol stack, a database management system, an
operating system, or a combination of one or more of them.

[0063] A program (also known as a computer program, software, software application,
script, or code) can be written in any form of programming language, including compiled or
interpreted languages, or declarative or procedural languages, and it can be deployed in any
form, including as a stand alone program or as a module, component, subroutine, or other unit
suitable for use in a computing environment. A program does not necessarily correspond to a file
in a file system. A program can be stored in a portion of a file that holds other programs or data
(e.g., one or more scripts stored in a markup language document), in a single file dedicated to the

program in question, or in multiple coordinated files (e.g., files that store one or more modules,
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sub programs, or portions of code). A program can be deployed to be executed on one computer
or on multiple computers that are located at one site or distributed across multiple sites and
interconnected by a communication network.

[0064] While this specification contains many specifics, these should not be construed as
limitations on the scope of what may be claimed, but rather as descriptions of features that may
be specific to particular embodiments. Certain features that are described in this specification in
the context of separate embodiments can also be implemented in combination in a single
embodiment. Conversely, various features that are described in the context of a single
embodiment can also be implemented in multiple embodiments separately or in any suitable
subcombination. Moreover, although features may be described above as acting in certain
combinations and even initially claimed as such, one or more features from a claimed
combination can in some cases be excised from the combination, and the claimed combination
may be directed to a subcombination or variation of a subcombination.

[0065] Similarly, while operations are depicted in the drawings in a particular order, this
should not be understood as requiring that such operationé be performed in the particular order
shown or in sequential order, or that all illustrated operations be performed, to achieve desirable
results. In certain circumstances, multitasking and parallél processing may be advantageous.
Moreover, the separation of various system components in the embodiments described above
should not be understood as requiring such separation in all embodiments.

[0066] Other embodiments fall within the scope of the following claims.
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CLAIMS

WHAT IS CLAIMED IS:

I. A method comprising:

accessing, at a first device, data for transmission to a second device;

performing, at the first device, a channel sounding process with a third device to obtain
channel feedback regarding a wireless channel between the first device and the third device;

determining a steering matrix based on the channel feedback to réduce interference
leakage received by the third device during a beamforming transmission from the first device to
the second device; and

performing, at the first device, the beamforming transmission to the second device based

on (i) the data and (ii) the steering matrix.

2. The method of claim 1, wherein determining the steering matrix comprises:
determining a null steering matrix responsive to the channel feedback, the null steering
matrix being based on a null space of a wireless channel matrix associated with the wireless

channel.

3. The method of claim 1, wherein determining the steering matrix comprises:
determining a first matrix responsive to the channel feedback, the first matrix being based
on a null space of a wireless channel matrix associated with the wireless channel; and
determining a second matrix to improve a performance of the beamforming transmission -
with respect to the second device, the steering matrix being based on the first matrix and the

second matrix.
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4, The method of claim 1, wherein the channel sounding process comprises:
transmitting a sounding announcement packet to the third device, the sounding
announcement packet comprising an interference avoidance indicator;
transmitting a sounding packet after transmitting the sounding announcement packet; and
receiving the channel feedback from the third device, the channel feedback being based

on the sounding packet.

5. The method of claim 4, wherein the steering matrix is based on a null space of a wireless
channel matrix that represents channel state information, the channel state information being

included in the channel feedback.

6. The method of claim 4, wherein determining the steering matrix comprises determining a
null steering matrix based on steering matrix feedback such that columns in the null steering
matrix form basis vectors in a null-space of a wireless channel matrix associated with the third

device, the steering matrix feedback being included in the channel feedback.

7. The method of claim 1, wherein the channel sounding process comprises:

receiving, at the first device, a sounding announcement packet from the third device, the
sounding announcement packet comprising an interference avoidance indicator;

receiving, at the first device, a sounding packet from the third device after receiving the
sounding announcement packet; and

determining, at the first device, the channel feedback based on the sounding packet.

8. The method of claim 1, wherein the second device and the third device are associated

with different basic service sets, the basic service sets overlapping in a frequency band.
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9. An apparatus comprising:

first circuitry configured to access data for transmission to a first device; and

second circuitry configured to (i) control a channel sounding process with a second
device to obtain channel feedback regarding a wireless channel between the apparatus and the
second device, (ii) determine a steering matrix based on the channel feedback to reduce
interference leakage received by the second device during a beamforming transmission from the
apparatus to the first device, and (iii) control the beamforming transmission to the first device

based on the data and the steering matrix.

10.  The apparatus of claim 9, wherein the steering matrix is based on a null steering matrix,
and wherein the second circuitry is configured to determine the null steering matrix responsive to
the channel feedback, the null steering matrix being based on a null space of a wireless channel

matrix associated with the wireless channel.

11.  The apparatus of claim 9, wherein the second circuitry is configured to

determine a first matrix responsive to the channel feedback, the first matrix being based
on a null space of a wireless channel matrix associated with the wireless channel, and

determine a second matrix to improve a performance of the beamforming transmission
with respect to the first device, the steering matrix being based on the first matrix and the second

matrix.
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12.  The apparatus of claim 9, wherein the channel sounding process comprises:
transmitting a sounding announcement packet to the second device, the sounding
announcement packet comprising an interference avoidance indicator;
transmitting a sounding packet after transmitting the sounding announcement packet; and
receiving the channel feedback from the second device, the channel feedback being based

on the sounding packet.

13.  The apparatus of claim 12, wherein the steering matrix is based on a null space of a
wireless channel matrix that represents channel state information, the channel state information

being included in the channel feedback.

14.  The apparatus of claim 12, wherein the steering matrix is based on a null steering matrix,
and wherein the second circuitry is configured to determine the null steering matrix based on
steering matrix feedback such that columns in the null steering matrix form basis vectors in a
null-space of a wireless channel matrix associated with the second device, the steering matrix

feedback being included in the channel feedback.

15.  The apparatus of claim 9, wherein the channel sounding process comprises:
receiving a sounding announcement packet from the second device, the sounding
announcement packet comprising an interference avoidance indicator;
receiving a sounding packet from the second device after receiving the sounding
announcement packet; and

determining the channel feedback based on the sounding packet.
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16.  The apparatus of claim 9, wherein the first device and the second device are associated

with different basic service sets, the basic service sets overlapping in a frequency band.

17. A system comprising:

transceiver electronics configured to wirelessly communicate with devices including a
first device and a second device; and

processor electronics coupled with the transceiver electronics, configured to (i) access
data for transmission to the first device, (ii) control a channel sounding process with the second
device to obtain channel feedback regarding a wireless channel between the system and the
second device, (iii) determine a steering matrix based on the channel feedback to reduce
interference leakage received by the second device during a beamforming transmission from the
system to the first device, and (iv) control the beamforming transmission to the first device based

on the data and the steering matrix.

18. The system of claim 17, wherein the steering matrix is based on a null steering matrix,
and wherein the processor electronics are configured to determine the null steering matrix
responsive to the channel feedback, the null steering matrix being based on a null space of a

wireless channel matrix associated with the wireless channel.

19. The system of claim 17, wherein the processor electronics are configured to

determine a first matrix responsive to the channel feedback, the first matrix being based
on a null space of a wireless channel matrix associated with the wireless channel, and

determine a second matrix to improve a performance of the beamfomiﬁg transmission
with respect to the first device, the steering matrix being based on the first matrix and the second

matrix.
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20.  The system of claim 17, wherein the channel sounding process comprises:
transmitting a sounding announcement packet to the second device, the sounding
announcement packet comprising an interference avoidance indicator;
transmitting a sounding packet after transmitting the sounding announcement packet; and
receiving the channel feedback from the second device, the channel feedback being based

on the sounding packet.

21.  The system of claim 20, wherein the steering matrix is based on a null space of a wireless
channel matrix that represents channel state information, the channel state information being

included in the channel feedback.

22.  The system of claim 20, wherein the steering matrix is based on a null steering matrix,
and wherein the processor electronics are configured to determine the null steering matrix based
on steering matrix feedback such that columns in the null steering matrix form basis vectors in a
null-space of a wireless channel matrix associated with the second device, the steering matrix

feedback being included in the channel feedback.

23.  The system of claim 17, wherein the channel sounding process comprises:
receiving a sounding announcement packet from the second device, the sounding
announcement packet comprising an interference avoidance indicator;
receiving a sounding packet from the second device after receiving the sounding
announcement packet; and

determining the channel feedback based on the sounding packet.
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24.  The system of claim 17, wherein the first device and the second device are associated

with different basic service sets, the basic service sets overlapping in a frequency band.
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