2016/018168 A1 |1 I 0000 OO0 1O 0

<

W

(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 2016/018168 A1l

(51

eay)

(22)

(25)
(26)
1

(72

74

4 February 2016 (04.02.2016) WIPOIPCT
International Patent Classification: (81)
H04B 7/06 (2006.01)
International Application Number:

PCT/RU2014/000568

International Filing Date:
28 July 2014 (28.07.2014)

English
Publication Language: English

Applicant: INTELL. CORPORATION [US/US]; 2200
Mission College Blvd., Santa Clara, California 95054

(US).

Inventors: MALTSEV, Alexander Alexandrovich;
Verhne-Pecherskaya Str., 1-7, Nizhny Novgorod, 603000
(RU). MOROZOYV, Gregory Vladimirovich; Geroya
Davydova str., 2-9, Nizhny Novgorod, 603000 (RU).
SERGEYEYV, Vadim Sergeyevich; Vaneyeva Str., 19/28,
Nizhny Novgorod, 603105 (RU). DAVYDOV, Alexei
Vladimirovich; Lenin av., 28/11-40, Nizhny Novgorod,
603132 (RU).

Agent: SOJUZPATENT, Myasnitskaya Str., 13, bldg. 5,
Moscow, 101000 (RU).

Filing Language:

(84)

Designated States (uniess 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,
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, T™M,
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))

(54) Title: METHOD AND SYSTEM FOR BEAM ALIGNMENT ON DIRECTIONAL WIRELESS LINKS

Y
| TRASHT 4 PACAET OER A DRECTONAL WIRELESS LMK SETVEEN THE
TRANSMTTIANG STA AND THE RECEIVING STA

[yl

TRANSMIT THE DATA PORTION OF THE PACKET ACCORDING TO A CURRENT
TRANSITT ANTENNA DIRECTION ASSOCITED WITH THE DIRECTIONAL WIRELESS UMK

55 |

TRANSMIT THE. RECEIVE, TRUMING SEGUENCE OF THE PACKET ACCORDING TO THE
CURRENT TRANSHIT ANTENNA DIRECTION

TRANSHIT AT LEAST 4 PORTON OF THE TRANSHT TRARING SEQUENCE OF THE
§23- 4 PACKET ACCORCING TO ONE OR NORE CANDIDATE. TRANSMI ANTENNA DIRECTIONS
FOR T DRECIONA WRELSS Lk
25| FECENE TRRISIT ATIEN PERFORIAICE JEIRCS FROM THE RECEMG STA
ASSOCIATED WTH THE TRAKSMISSION OF THE PACKET
| OFTEOIE A UPLATD) TRASAT ATEM DIECTIN FOR THE DREC AL
WEESS LK
57&3‘{ TRANSMIT 10 THE RECEIING STA & SECOND PACKET ‘
' TRAST THE AT PRI GF THE SECOND PIOXET
5“% ACCORDNG T0 T UPDKTED TRANSHT AVTERN DIRECTION ‘ FiG. 5

(57) Abstract: Embodiments of a system and method for simultaneous high-speed multi-user beam tracking in a Wireless Network
are generally described herein. A transmitting station (STA) may be configured to support directional wireless links with multiple re-
ceiving STAs in a high-mobility millimeter-wave (mm Wave) wireless network. The transmitting STA may include hardware pro-
cessing circuitry contigured to, for each of the multiple receiving STAs, transmit a packet over a directional wireless link between
the transmitting STA and the receiving STA and receive transmit antenna performance metrics from the receiving STA. The packet
may include a data portion, a receive training sequence, and a transmit training sequence that occupy difterent portions of the packet,
and the transmission of the packet over the directional wireless link may include transmission of the data portion of the packet ac -
cording to a current transmit antenna direction associated with the directional wireless link.
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METHOD AND SYSTEM FOR BEAM ALIGNMENT ON DIRECTIONAL
WIRELESS LINKS

Technical field

Embodiments pertain to wireless communications. Some embodiments relate to
wireless networks or mobile devices configured to operate in accordance with one or more
millimeter wave (mmWave) standards, such as IEEE 802.11ad or WiGig. Some
embodiments relate to wireless networks or mobile devices configured to operate in
accordance with other standards, such as various versions of the IEEE 802.11 or 3GPP
standards. Some embodiments pertain to wireless networks or mobile devices that support
multi-user wireless communication with directional antennas, beam alignment or beam

tracking.

Background

In millimeter wave (mmWave) communication systems, high data throughput may
be achieved through directional wireless links between transmitting and receiving devices.
As an example, an access point (AP) may provide high data rate traffic to multiple user
stations (STAs) over directional wireless links that are substantially isolated from one
another. In some cases, communication on directional wireless links may include directional
transmission of a beam from the transmitting device along with directional reception of the
beam at the receiving device. A beam alignment process for the directional links may be
used to improve performance, to track mobile devices in motion, or to help deal with
changes in the physical environment in which the devices are operating.

As part of the beam alignment process, some of the packets sent over the link may
include a receive training sequence to enable the receiving device to train it’s receive
direction for the link. In addition, other packets may include a known transmit training
sequence that may enable the receiving device to select or provide feedback about the
transmit direction for the link. Although the use of the training sequences may cause
significant overhead on the link, such a beam alignment process may be increasingly
necessary in systems that support outdoor operation or expect high mobility, such as next
generation mmWave systems. In addition, current and future mmWave systems may need to
support many directional wireless links simultaneously, for instance between an AP and

multiple STAs. Thus, there are general needs for systems and methods for simultaneous
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high-speed multi-user beam tracking.

Brief description of the drawings

Fig. 1 is a block diagram of a receiving station (STA) in accordance with some
embodiments;

Fig. 2 is a block diagram of a transmitting station (STA) in accordance with some
embodiments;

Fig. 3 illustrates an example of a system supporting a transmitting STA and two
receiving STAs in accordance with some embodiments;

Fig. 4 illustrates another example of a system supporting a transmitting STA and two
receiving STAs in accordance with some embodiments;

Fig. 5 illustrates a method of beam alignment of directional wireless links in
accordance with some embodiments;

Fig. 6 illustrates an example of a packet that may be used as part of methods
disclosed herein in accordance with some embodiments;

Fig. 7 illustrates another method of beam alignment of directional wireless links in
accordance with some embodiments; and

Fig. 8 illustrates another method of beam alignment of directional wireless links in

accordance with some embodiments.

Detailed description

The following description and the drawings sufficiently illustrate specific
embodiments to enable those skilled in the art to practice them. Other embodiments may
incorporate structural, logical, electrical, process, and other changes. Portions and features of
some embodiments may be included in, or substituted for, those of other embodiments.
Embodiments set forth in the claims encompass all available equivalents of those claims. In
some embodiments, mobile devices described herein may be part of a portable wireless
communication device, such as a personal digital assistant (PDA), a laptop or portable
computer with wireless communication capability, a web tablet, a wireless telephone, a
smartphone, a wireless headset, a pager, an instant messaging device, a digital camera, an
access point, a television, a medical device (e.g., a heart rate monitor, a blood pressure
monitor, etc.), or other device that may receive and/or transmit information wirelessly. In
some embodiments, the mobile device can be a user station (STA) configured to operate in

accordance with at least one version of the IEEE 802.11 standard, including IEEE 802.11ad,
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or with other standards including WiGig, 3GPP, or any other suitable wireless standard. In

some embodiments, the mobile device may include one or more of a keyboard, a display, a
non-volatile memory port, multiple antennas, a graphics processor, an application processor,
speakers, and other mobile device elements. The display may be an LCD screen including a
touch screen.

Fig. 1 is a block diagram of a receiving station (STA) in accordance with some
embodiments. The receiving STA 100 may be any suitable wireless device, including a
mobile device, base station or access point (AP). The receiving STA 100 may include
physical layer circuitry 102 for transmitting and receiving signals to and from Access Points
(APs), other STAs or other mobile devices using one or more antennas 101. Receiving STA
100 may also include medium access control layer (MAC) circuitry 104 for controlling
access to the wireless medium. Receiving STA 100 may also include processing circuitry
106 and memory 108 arranged to perform the operations described herein.

Fig. 2 is a block diagram of a transmitting station (STA) in accordance with some
embodiments. The transmitting STA 200 may be any suitable wireless device, including a
mobile device, base station or access point (AP). The transmitting STA 200 may include
physical layer circuitry 202 for transmitting and receiving signals to and from Access Points
(APs), other STAs or other mobile devices using one or more antennas 201. Transmitting
STA 200 may also include medium access control layer (MAC) circuitry 204 for controlling
access to the wireless medium. Transmitting STA 200 may also include processing circuitry
206 and memory 208 arranged to perform the operations described herein.

The antennas 101, 201 may comprise one or more directional or omnidirectional
antennas, including, for example, dipole antennas, monopole antennas, patch antennas, loop
antennas, microstrip antennas or other types of antennas suitable for transmission of RF
signals. In some multiple-input multiple-output (MIMO) embodiments, the antennas 101,
201 may be effectively separated to take advantage of spatial diversity and the different
channel characteristics that may result.

Although the receiving STA 100 and the transmitting STA 200 are illustrated as
having several separate functional elements, one or more of the functional elements may be
combined and may be implemented by combinations of software-configured elements, such
as processing elements including digital signal processors (DSPs), and/or other hardware
elements. For example, some elements may comprise one or more microprocessors, DSPs,
field-programmable gate arrays (FPGAs), application specific integrated circuits (ASICs),

radio-frequency integrated circuits (RFICs) and combinations of various hardware and logic
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circuitry for performing at least the functions described herein. In some embodiments, the

functional elements may refer to one or more processes operating on one or more processing
elements. ‘

Embodiments may be implemented in one or a combination of hardware, firmware
and software. Embodiments may also be implemented as instructions stored on a computer-
readable storage device, which may be read and executed by at least one processor to
perform the operations described herein. A computer-readable storage device may include
any non-transitory mechanism for storing information in a form readable by a machine (e.g.,
a computer). For example, a computer-readable storage device may include read-only
memory (ROM), random-access memory (RAM), magnetic disk storage media, optical
storage media, flash-memory devices, and other storage devices and media. Some
embodiments may include one or more processors and may be configured with instructions
stored on a computer-readable storage device.

In accordance with embodiments, a transmitting STA 200 may be configured to
support directional wireless links with multiple receiving STAs 100 in a high-mobility
millimeter-wave (mmWave) wireless network. In some embodiments, the transmitting STA
200 can be an Access Point (AP) or base station and the receiving STAs 100 can be mobile
devices. The transmitting STA 200 may include hardware processing circuitry configured
to, for each of the multiple receiving STAs 100, transmit a packet over a directional wireless
link between the transmitting STA 200 and the receiving STA 100 and receive transmit
antenna performance metrics from the receiving STA 100. The packet may include a data
portion, a receive training sequence, and a transmit training sequence that occupy different
portiops of the packet, and the transmission of the packet over the directional wireless link
may include transmission of the data portion of the packet according to a current transmit
antenna direction associated with the directional wireless link. These embodiments are
described in more detail below.

A receiving STA 100 may be configured to support directional wireless links with
multiple transmitting STAs 200 in a high-mobility mmWave wireless network. In some
embodiments the receiving STA 100 can be an AP or base station, and the transmitting STAs
200 may be mobile devices.

It is noted here that for the sake of illustration, some of the disclosed examples may
focus on devices operating in an IEEE 802.11 network, such as IEEE 802.11ad. However,
the subject matter disclosed is not limited to those devices or to IEEE 802.11 networks, and

may be applied to other suitable types of devices, wireless networks or systems using any
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suitable radio interface, which may be different from the radio interface(s) associated with

IEEE 802.11 specifications. As an example, methods and subject matter disclosed herein
may be applied to devices and networks configured to operate according to 3GPP standards
or other IEEE standards. In addition, methods and subject matter disclosed herein may be
applied to devices and networks configured to operate according to evolutions of IEEE
802.11 standards, 3GPP standards or other IEEE standards.

Referring to Fig. 3, an example of a system 300 that may support embodiments
disclosed herein is shown, the system 300 including a transmitting STA 305 transmitting
over directional wireless links 315, 345 with two receiving STAs 310, 340. It should be
noted that the configuration shown in Fig. 3 is not limiting, as the system 300 may also
support more or fewer transmitting or receiving STAs than what is shown in Fig. 3. The
transmitting STA 305 may transmit packets or other wireless signals to the receiving STA
310 over the directional wireless link 315. Transmission over the link 315 may include
transmission of wireless signals from the transmitting STA 305 according to the transmit
direction 320, and the wireless signals may be received at the receiving STA 310 according
to the receive direction 325. As such, the link 315 may be said to operate according to the
transmit direction 320 and receive direction 325. Similarly, the transmitting STA 305 may
transmit packets or other wireless signals to the receiving STA 340 over the directional
wireless link 345, in which the link 345 may be said to operate according to the transmit
direction 350 and receive direction 355. As known in the art, the transmission or reception
according to a direction may be realized using any known techniques such as beam-steering
or through selection of coefficients or parameters on an antenna array. It should be noted
that as used herein, the term “according to a direction” when referencing transmission™or
reception on a directional antenna may refer to transmission or reception on the antenna such
that a substantial amount of energy is transmitted or received in that direction, or that the
antenna has been configured (temporarily or permanently) to transmit or receive
substantially in the direction.

As indicated by the dotted-line demarcation, the receiving STA 310 in this example
moves to a new location, which may affect its beam-alignment over the link 315 with the
transmitting STA 305. As a result of the motion, and depending on the distance moved or
other factors, the performance of the link 315 may suffer in terms of packet error rate,
throughput, latency or other suitable performance metric. A beam alignment process may
attempt to determine an updated receive direction that may improve performance at the new

location for the receiving station 310. As shown in Fig. 3, two candidate receive directions
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330 may be investigated as possible receive directions to be used as the updated receive

direction. This scenario is not limiting, however, as any number of candidate receive
directions 330 may be used or any suitable technique may be used to determine the updated
receive direction. In addition, although the second receiving STA 340 is not shown as
moving in this example, the system 300 is not limited as such, as any or all of the receiving
STAs 310, 340 or others not shown may be in motion or stationary on either a temporary or
permanent basis.

It should be pointed out that, as known in the art, a directional wireless link may
support only one-way communication in some cases. That is, the transmitting STA 305 may
transmit packets to the receiving STA 310 over the link 315, but the receiving STA 310 may
not transmit packets to the transmitting STA 305 over that same link 315. Instead, the
receiving STA 310 may transmit packets to the transmitting STA 305 over a different
directional wireless link (not shown). As such, two different one-way directional wireless
links enable the two STAs 305, 310 to communicate with each other in both directions. The
necessity for the two links may be related to the environment, as the path(s) from a first STA
to a second STA may be generally uncorrelated with the path(s) from the second STA back
to the first STA. Such cases are particularly common in outdoor environments and
environments with many physical obstacles. In addition, differences in interference
environments or differences in constructions of the transmitters and receivers at different
sides of the link may cause or contribute to differences in the two directional links described.

Accordingly, methods described herein may refer to beam alignment of one way
directional wireless links, although not limited as such. In addition, directional
communication between a first STA and a second STA may include beam alignment of a
first link with the first STA as the transmitting STA and the second STA as the receiving
STA. Beam alignment may also be performed (independently or jointly) on a second link, in
which the first STA is the receiving STA and the second STA is the transmitting STA.

Referring to Fig. 4, another example of a system 400 that may support embodiments
disclosed herein is shown, the system 400 including a transmitting STA 405 transmitting
over directional wireless links 415, 445 with two receiving STAs 410, 440 respectively. As
noted for the example shown in Fig. 3, the configuration shown in Fig. 4 is also not limiting,
as the system 400 may also support more or fewer transmitting or receiving STAs than what
is shown in Fig. 4, any or all of which may be moving or stationary. The transmitting STA
405 may transmit packets or other wireless signals to the receiving STA 410 over the

directional wireless link 415 according to the transmit direction 420. The packets or wireless
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signals may be received at the receiving STA 410 according to the receive direction 425.

The receiving STA 410 is shown to be in motion in Fig. 4, and similarly to the example
shown in Fig. 3, the motion may result in a situation in which performance over the wireless
link 415 is degraded as a result of the transmit direction 420 no longer being accurate or
optimum. Accordingly, the transmitting STA 405 may transmit signals to the receiving STA
410 according to other candidate transmit directions 430. Based on the reception, the
receiving STA 410 may be able to select one of the candidate transmit directions 430 as the
best one, and may provide feedback to the transmitting STA 405 for that purpose. Although
only two candidate transmit directions 430 are shown in Fig. 4, the system 400 is not limited
as such, as any number of candidate transmit directions may be used.

Referring to Fig. 5, a method 500 of beam-alignment of directional wireless links
between a transmitting STA and multiple receiving STAs is shown. It is important to note
that embodiments of the method 500 may include additional or even fewer operations or
processes in comparison to what is illustrated in Fig. 5. In addition, embodiments of the
method 500 are not necessarily limited to the chronological order that is shown in Fig. 5. In
describing the method 500, reference may be made to Figs. 1-4 and 6-8, although it is
understood that the method 500 may be practiced with any other suitable systems, interfaces
and components. In addition, while the method 500 and other methods described herein may
refer to STA’s operating in accordance with IEEE 802.11ad, embodiments of those methods
are not limited to just those STA’s and may also be practiced on other mobile devices.
Moreover, the method 500 and other methods described herein (such as methods 700 and
800) may be practiced by wireless devices configured to operate in other suitable types of
wireless communication systems, including systems configured to operate according to
3GPP or various IEEE standards.

The method 500 may be practiced between a transmitting STA and a single receiving
STA, but is not limited as such, and may also be practiced between the transmitting STA and
multiple receiving STAs. In some embodiments, the transmitting STA may be an AP or
base station while the receiving STAs may be mobile devices. In some embodiments, for
each of multiple receiving STAs, any or all of the operations 505-540 (or additional
operations not shown) may be performed. While the discussion below will focus on the
operations 505-540 as applied to embodiments that include a single receiving STA, it should
be noted that the discussion also may be applied to embodiments that include multiple
receiving STAs. At operation 505, a packet may be transmitted over a directional wireless

link between a transmitting STA and a receiving STA. As described previously,
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transmission on the directional wireless link may be performed at the transmitting STA

according to a current transmit antenna direction while reception on the directional wireless
link may be performed according to a current receive antenna direction at the receiving STA.
It should be mentioned that in some embodiments, operation 505 may be performed for each
of multiple receiving STAs, and performance of operation 505 for the multiple receiving
STAs may be performed simultaneously.

The non-limiting example shown in Fig. 6 illustrates an embodiment of the packet
600, which may be used in describing the method 500 or other methods disclosed herein.
The packet 600 may include any or all of a header 605, a data portion 610, a receive training
sequence 620, and a transmit training sequence 630, which may appear in any order within
the packet 600 and are not limited to occupying contiguous portions within the packet 600.
It should be noted that, although not shown, the packet 600 may include other fields, such as
sequences used for automatic gain control (AGC) or other purposes. The header 605 may
include control or other information that may describe the contents of the packet 600. As an
example, the header 605 may indicate if the packet 600 includes the receive training
sequence 620, the transmit training sequence 630, neither of the two or both of the two.

It should be pointed out that in some embodiments that include both a receive
training sequence 620 and a transmit training sequence 630, the presence of both may enable
beam alignment of both the transmit and receive directions during every transmitted packet.
Such a high rate of performing the beam alignment may be necessary or beneficial in some
cases previously described, such as outdoor or high mobility systems. In comparison,
embodiments that only include one of the receive training sequence 620 or transmit training
sequence 630 in each packet may not perform as well. In those embodiments, the alignment
for each of the receive and transmit directions may only be addressed 50% of the time in
comparison to embodiments with packets that include both sequences.

In addition, as shown in Fig. 6, the receive training sequence 620 may include one or
more receive training subfields 625, while the transmit training sequence 630 may include
one or more transmit training subfields 635. The receive training subfields 625 and transmit
training subfields 635 may include data sequences known at both the transmitting STA and
receiving STA. In some embodiments, the data sequences may be Golay sequences, Zadoff-
Chu sequences, or other suitably chosen sequences with desirable correlation properties, as
known in the art, but those embodiments are not limiting, as any sequences may be used. In
addition, the number of receive training subfields 625 and transmit training subfields 635 are

not limited to that shown in Fig. 6. Moreover, in some embodiments, the receive training
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sequence 620 and transmit training sequence 630 may not even include any subfields, and

may include just one or more data sequences.

At operation 510, the data portion 610 of the packet 600 may be transmitted
according to a current transmit antenna direction associated with the directional wireless
link, while the receive training sequence 620 of the packet 600 may be transmitted according
to the current transmit antenna direction at operation 515. The transmit training sequence
630 of the packet 600, or at least a portion of the transmit training sequence 630, may be
transmitted according to one or more candidate transmit antenna directions for the link at
operation 520.

The data portion 610 and the receive training sequence 620 may be transmitted
according to the current transmit antenna direction associated with the directional wireless
link, which may have been previously established as a direction that gives good performance
or is optimum in some sense. As mentioned earlier, due to motion of the transmitting or
receiving STA or changes in the environment such as the addition of new obstacles, the best
direction (transmit or receive or both) may need to be determined or tracked. Accordingly,
the transmit training sequence 630 may be transmitted according to candidate transmit
antenna directions in order to provide the receiving STA the opportunity to test them as
possible updated transmit antenna directions for the link. As an example, during the tracking
process, the candidate transmit antenna directions may be based on the current transmit
antenna direction, for instance being within an angle of one degree of the current transmit
antenna direction. As another example, in situations like initial acquisition or determination
of the directions for the link, the candidate directions may not be related to the current
direction. As an example, during initial acquisition, the candidate directions may be formed
by dividing the 360 degrees of a circle into discrete angles, such as those separated by 45
degrees.

As previously described, the transmit training sequence 630 may include one or more
transmit training subfields 635, and in some embodiments, some of the transmit training
subfields 635 may utilize each of the candidate transmit antenna directions. As an example,
each of the transmit training subfields 635 may be transmitted according to a different
candidate transmit antenna direction. As another example, multiple transmit training
subfields 635 may be transmitted according to each of the different candidate transmit
antenna directions. It should be noted that in some embodiments, the transmit training
subfields 635 may need to be sufficiently long so that any transients that result from

switching the transmit antenna direction can have time to taper off. As an example, if the
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transmit training subfields 635 labeled as “1” and “2” in Fig. 6 are transmitted according to

two different candidate transmit antenna directions, the beginning portion of the transmit
training subfield 635 labeled “2” may be distorted and not useful to the receiving STA for
measurement of the quality of transmission according to that particular direction.

At operation 525, transmit antenna performance metrics may be received from the
receiving STA, and at operation 530, an updated transmit antenna direction for the
directional wireless link may be determined. The transmit antenna performance metrics may
be related to the transmission of the packet 600. In some embodiments, the metrics may be
related to the reception of the transmit training subfields 635 at the receiving STA. For
example, for a particular transmit training subfield 635 that transmits according to a
particular candidate direction, the metrics may include a received signal strength (RSS), a
signal-to-noise ratio (SNR), or other suitable metric measured at the receiving STA during
the reception of that transmit training subfield 635. As another example, the metrics in that
case may include a channel measurement such as a signal loss over the channel during
transmission according to that particular candidate direction.

The transmitting STA (or the receiving STA) may determine an updated transmit
antenna direction based on the performance metrics. In some embodiments, the updated
transmit antenna direction may be selected as the candidate transmit antenna direction with
the best performance metrics, for example the highest RSS and/or SNR. It should also be
noted that determination of the updated transmit antenna direction at the transmitting STA
may also include receiving notification from the receiving STA of which of the candidate
antenna directions is to be used as the updated direction.

At operation 535 of the method 500, a second packet 600 may be transmitted to the
receiving STA. Accordingly, at operation 540, the data portion 610 of the second packet 600
may be transmitted according to the updated transmit antenna direction. As such, a tracking
of the transmit direction of the directional wireless link may be realized. The data portion
610 of the packet 600 previously described may be transmitted according to the current
(before updating) transmit direction while the data portion 610 of the second packet 600 may
be transmitted according to the updated transmit direction.

Referring to Fig. 7, another method 700 of beam-alignment of directional wireless
links between a transmitting STA and multiple receiving STAs is shown. As with the
method 500, embodiments of the method 700 may include additional or even fewer
operations or processes in comparison to what is illustrated in Fig. 7 and are not necessarily

limited to the chronological order that is shown in Fig. 7. In describing the method 700,
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reference may be made to Figs. 1-6 and 8, although it is understood that the method 700 may

be practiced with any other suitable systems, interfaces and components.

The method 700 may be practiced between a transmitting STA and two receiving
STAs as shown in Fig. 7, but is not limited as such, and may also be practiced between the
transmitting STA and any number of receiving STAs. In some embodiments, such as those
that exclude operations 715 and 720, the method 700 may be practiced between a
transmitting STA and a single receiving STA.

At operation 705, a packet that is receivable by a receiving STA may be transmitted
over a directional wireless link from a transmitting STA to a receiving STA. Feedback may
be received from the receiving STA at operation 710, and the feedback may include transmit
antenna performance metrics associated with the directional wireless link. Previously
described techniques related to similar or analogous operations in the method 500 may also
be applied as part of the operations 705 and 710. For instance, the packet 600 may include a
data portion 610, a receive training sequence 620, and a transmit training sequence 630 that
occupy different portions of the packet 600. The receive training sequence 620 may include
one or more receive training subfields 625, while the transmit training sequence 630 may
include one or more transmit training subfields 635. The data portion 610 and receive
training sequence 620 of the packet 600 may be transmitted according to a current transmit
antenna direction associated with the link, while the transmit training sequence 630 of the
packet 600 may be transmitted according to one or more candidate transmit antenna
directions for the link. In addition, the receive training sequence 620 and transmit training
sequence 630 may include subfields 625, 635 as described earlier regarding Fig. 6.

It should be noted that in some of the embodiments of the method 700 that include
operations 705 and 710, but exclude operations 715 and 720, the receiving STA may be an
AP or a base station while the transmitting STA may be a mobile device. In other
embodiments that exclude operations 715 and 720, the transmitting STA may be an AP or a
base station while the receiving STA may be a mobile device.

At operation 715, a packet that is receivable by a second receiving STA may be
transmitted over a second directional wireless link from the transmitting STA, and feedback
may be received from the second receiving STA at operation 720. The feedback may
include transmit antenna performance metrics associated with the second directional wireless
link, and previously described techniques related to similar or analogous operations in the
method 500 and operations 705 and 710 may also be applied as part of the operations 715
and 720.
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It should be noted that the operations 705-720 may be performed sequentially or

simultaneously or a combination thereof. As an example, operations 705 and 715 may be
performed simultaneously, while operations 710 and 720 may be performed simultaneously.
In this example, the transmitting STA may be communicating simultaneously with multiple
(in this case, two) receiving STAs over directional wireless links. In addition, the method
700 may be extended to include any number of receiving STAs beyond the two shown in
Fig. 7.

Referring to Fig. 8, another method 800 of beam-alignment of a directional wireless
link at a receiving STA is shown. As with the methods 500 and 700, embodiments of the
method 800 may include additional or even fewer operations or processes in comparison to
what is illustrated in Fig. 8 and are not necessarily limited to the chronological order that is
shown in Fig. 8. In describing the method 800, reference may be made to Figs. 1-7, although
it is understood that the method 800 may be practiced with any other suitable systems,
interfaces and components. The method 800 may be practiced at a receiving STA that may
be an access point or base station or a mobile device.

At operation 805, a packet may be received at a receiving STA from a transmitting
STA over a directional wireless link between the receiving STA and the transmitting STA.
Previously described techniques related to similar or analogous operations in the method 500
may also be applied as part of the operations in the method 800. For instance, the packet 600
may include a data portion 610, a receive training sequence 620, and a transmit training
sequence 630 that occupy different portions of the packet 600. The receive training
sequence 620 may include one or more receive training subfields 625, while the transmit
training sequence 630 may include one or more transmit training subfields 635. The data
portion 610 and receive training sequence 620 of the packet 600 may be transmitted
according to a current transmit antenna direction associated with the link, while the transmit
training sequence 630 of the packet 600 may be transmitted according to one or more
candidate transmit antenna directions for the link. In addition, the receive training sequence
620 and transmit training sequence 630 may include subfields 625, 635 as described earlier
regarding Fig. 6.

At operation 810, the receive training sequence 620 may be received at the receiving
STA according to a set of candidate receive antenna directions. As an example, each of the
receive training subfields 625 may be received according to a different candidate receive
direction. As such, each of the candidate receive directions may be tested for reception

quality. This example is not limiting, however, as other configurations may be used. For
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instance, each candidate receive direction may be used in the reception of multiple receive

training subfields 625 in order to provide an even better measurement of the reception
quality.

At operation 815, receive antenna performance metrics associated with the candidate
receive antenna directions may be determined, and an updated receive antenna direction may
be determined at operation 820. In some embodiments, the metrics may be related to the
reception of the receive training subfields 625 at the receiving STA. For example, for a
particular receive training subfield 625 received according to a particular candidate receive
direction, the metrics may include a received signal strength (RSS), a signal-to-noise ratio
(SNR), or other suitable metric measured at the receiving STA during the reception of that
receive training subfield 625. As another example, the metrics in that case may include a
channel measurement such as a signal loss over the channel during reception according to
that particular candidate direction.

The receiving STA may determine an updated receive antenna direction based on the
performance metrics. In some embodiments, the updated receive antenna direction may be
selected as the candidate receive antenna direction with the best performance metrics, for
example the highest RSS and/or SNR.

At operation 825, the transmit training sequence 630 of the packet may be received at
the receiving STA. In some embodiments, the reception may be performed according to the
current receive antenna direction used during the reception of the data portion 610 of the
packet 600. In those embodiments, an updated receive antenna direction may be applied
during reception of the next (or other subsequent) packets 600. In other embodiments,
however, the reception of the transmit training sequence 630 may be performed according to
the updated receive antenna direction determined as part of operation 820 or other
appropriate operation. In those embodiments, the receive training sequence 620 may need to
appear before the transmit training sequence 630 in the packet 600, and the processing
associated with determining the updated receive antenna direction may need to be performed
quickly enough such that the updated direction before the transmit training sequence 630
arrives at the receiving STA. Processing power or other factors may provide significant
challenges for these embodiments.

In any case, transmit antenna performance metrics associated with the directional
witeless link may be determined at operation 830. The metrics may be determined as part of
the reception of the transmit training sequence 630 in operation 825. As in previously

described techniques, the metrics may include a received signal strength (RSS), a signal-to-
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noise ratio (SNR), or other suitable metric measured at the receiving STA (or channel

measurement) during the reception of the transmit training sequence 630 or transmit training
subfields 635 of the sequence. As different transmit training subfields 635 may be
transmitted according to different candidate transmit antenna directions, one or more of the
metrics may be associated with each of the candidate directions.

At operation 835, a packet receivable at the transmitting STA that includes at least a
portion of the transmit antenna performance metrics may be sent. The packet 600 may
include the transmit antenna performance metrics as part of a payload portion, header or any
suitable fields of the packet 600. Accordingly, the transmitting STA may be able to use the
transmit antenna performance metrics to determine an updated (or improved) transmit
direction for the directional wireless link as part of the beam alignment. In addition, in some
embodiments, the receiving STA may determine or select a transmit direction based on the
transmit antenna performance metrics, and may communicate the determination or selection
back to the transmitting STA in addition to, or in place of, the transmit antenna performance
metrics.

A transmitting station (STA) to support directional wireless links with multiple
receiving STAs is disclosed herein. The transmitting STA may operate in a millimeter-wave
(mmWave) wireless network. The transmitting STA may comprise hardware processing
circuitry to, for each of the multiple receiving STAs, transmit a packet over a directional
wireless link between the transmitting STA and the receiving STA and receive transmit
antenna performance metrics from the receiving STA associated with the transmission of the
packet over the directional wireless link between the transmitting STA and the receiving
STA. The packet may include a data portion, a receive training sequence, and a transmit
training sequence that occupy different portions of the packet. The transmission of the
packet over the directional wireless link may include transmission of the data portion of the
packet according to a current transmit antenna direction associated with the directional
wireless link. The transmitting STA may further comprise one or more memories to
configure the hardware processing circuitry. The transmitting STA may further comprise
one or more antennas to transmit the packets over the directional wireless links.

The transmission of the packet over the directional wireless link may further include
transmission of at least a portion of the transmit training sequence of the packet according to
one or more candidate transmit antenna directions for the directional wireless link that are
different from the current transmit antenna direction associated with the directional wireless

link. The transmission of the packet over the directional wireless link may further include
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transmission of the receive training sequence of the packet according to the current transmit

antenna direction associated with the directional wireless link. The transmit training
sequence of the packet may include one or more transmit training subfields that occupy
different portions of the transmit training sequence, and transmission of the packet over the
directional wireless link may further include transmission of the transmit training subfields
according to a set of candidate transmit antenna directions for the directional wireless link.
At least one of the transmit training subfields may be transmitted according to each of the
candidate transmit antenna directions, and at least one of the candidate transmit antenna
directions may be different from the current transmit antenna direction associated with the
directional wireless link.

The transmit antenna performance metrics may include performance metrics related
to the reception of one or more of the transmit training subfields at the receiving STA. The
performance metrics related to the reception of the transmit training subfields may include
one or more of a received signal strength (RSS) at the receiving STA, a signal-to-noise ratio
(SNR) at the receiving STA, or a channel measurement associated with the directional
wireless link over which the packet is received at the receiving STA. The performance
metrics related to the reception of the transmit training subfields may enable the transmitting
STA to determine an updated transmit antenna direction for the directional wireless link
between the transmitting STA and the receiving STA.

The hardware processing circuitry may be further to, for each of the multiple
receiving STAs, determine an updated transmit antenna direction for the directional wireless
link between the transmitting STA and the receiving STA based at least partly on the
transmit antenna performance metrics received from the receiving STA. The hardware
process circuitry may be further configured to, for each of the multiple receiving STAs,
transmit to the receiving STA a second packet that includes a data portion, a receive training
sequence, and a transmit training sequence, wherein the transmission of the second packet
includes transmission of the data portion of the second packet according to the updated
transmit antenna direction. The determination of the updated transmit antenna direction for
the directional wireless link may include a selection of one of the candidate transmit antenna
directions as the updated transmit antenna direction, and wherein the selection is based at
least partly on the transmit antenna performance metrics. In some embodiments, the
transmission of the second packet may occur within 500 milliseconds of the determination of
the updated transmit antenna direction. In some embodiments, the receive training sequence

of the packet may include one or more receive training subfields that occupy different
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portions of the receive training sequence. In some embodiments, transmission of the packet

over the directional wireless link may further include transmission of the receive training
sequence according to the current transmit antenna direction associated with the directional
wireless link. In some embodiments, the hardware processing circuitry may be further to
perform the transmission of the packet to each STA simultaneously.

A transmitting station (STA) to operate in a millimeter wave (mmWave) wireless
network is also disclosed herein. The transmitting STA may be further to support directional
wireless links with at least one receiving STA. The transmitting STA may comprise
hardware processing circuitry to transmit, over a directional wireless link, a packet. In some
embodiments, the packet may be receivable by a receiving STA that may operate in the
wireless network. The hardware processing circuitry may be further to receive, from the
receiving STA, feedback that includes transmit antenna performance metrics associated with
the directional wireless link. The packet may include a data portion, a receive training
sequence, and a transmit training sequence that occupy different portions of the packet.
Transmitting the packet over the directional wireless link may include transmitting the data
portion of the packet according to a current transmit antenna direction. Transmitting the
packet over the directional wireless link may include transmitting the receive training
sequence according to the current transmit antenna direction. Transmitting the packet over
the directional wireless link may include transmitting the transmit training sequence
according to a set of one or more candidate transmit antenna directions, such that at least a
portion of the transmit training sequence is transmitted according to each candidate transmit
antenna direction. The set of candidate transmit antenna directions may include at least one
transmit antenna direction that is different from the current transmit antenna direction.

The transmit training sequence may include one or more transmit training subfields
that occupy different portions of the transmit training sequence. At least one of the transmit
training subfields may be transmitted according to a candidate transmit antenna direction that
is different from the current transmit antenna direction. The transmit antenna performance
metrics may include, for each transmit training subfield, performance metrics related to the
reception of the transmit training subfield at the receiving STA. For each transmit training
subfield, the performance metrics may include one or more of a received signal strength
(RSS) at the receiving STA, a signal-to-noise ratio (SNR) at the receiving STA or a channel
measurement.

The hardware processing circuitry may be further to transmit, over a second

directional wireless link, a second packet. In some embodiments, the second packet may be
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receivable by a second receiving STA that may operate in the wireless network. The

hardware processing circuitry may be further to receive, from the second receiving STA,
feedback that includes transmit antenna performance metrics associated with the second
directional wireless link. The second packet may include a receive training sequence and a
transmit training sequence that occupy different portions of the second packet. Transmitting
the second packet over the second directional wireless link may include transmitting at least
a portion of the second packet according to a second current transmit antenna direction.

A non-transitory computer-readable storage medium that stores instructions for
execution by one or more processors to perform operations for multi-user beam tracking is
disclosed herein. The operations may configure the one or more processors to receive, at a
receiving user station (STA), a packet from a transmitting STA over a directional wireless
link between the receiving STA and the transmitting STA. In some embodiments, at least a
portion of the packet may be transmitted according to a current transmit antenna direction.
In some embodiments, at least a portion of the packet may be received according to a current
receive antenna direction. The packet may include a receive training sequence and a
transmit training sequence that occupy different portions of the packet. The operations may
configure the one or more processors to determine, based at least partly on the reception of
the receive training sequence, an updated receive antenna direction and to determine, based
at least partly on the reception of the transmit training sequence, transmit antenna
performance metrics associated with the directional wireless link and the transmitting STA.

The receive training sequence may be transmitted according to the current transmit
antenna direction. The transmit training sequence may be transmitted according to a set of
one or more candidate transmit antenna directions, such that at least a portion of the transmit
training sequence is transmitted according to each candidate transmit antenna direction. The
set of candidate transmit antenna directions may include at least one transmit antenna
direction that is different from the current transmit antenna direction. The reception of the
packet may include a reception of the receive training sequence according to a set of
candidate receive antenna directions, wherein at least one of the candidate receive antenna
directions is different from the current receive antenna direction. The reception of the
receive training sequence may include, for each candidate receive antenna direction, a
reception of at least a portion of the receive training sequence according to the candidate
receive antenna direction and a determination of a receive antenna performance metric
associated with the candidate receive antenna direction based on the reception according to

the candidate receive antenna direction. The determination of the updated receive antenna
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direction may include a selection of one of the candidate receive antenna directions as the

updated receive antenna direction, and wherein the selection is based at least partly on the
receive antenna performance metrics. The transmit training sequence may include one or
more transmit training subfields that occupy different portions of the transmit training
sequence. At least one of the transmit training subfields may be transmitted according to a
candidate transmit antenna direction that is different from the current transmit antenna
direction. The determination of the transmit antenna performance metrics may include a
determination, for each of the transmit training subfields, of one or more transmit antenna
performance metrics based on the reception of the transmit training subfield at the receiving
STA.

The operations may further configure the one or more processors to send, from the
receiving STA, a packet that includes at least a portion of the transmit antenna performance
metrics. The performance metrics for each transmit training subfield may include one or
more of a received signal strength (RSS) related to the reception of the transmit training
subfield, a signal-to-noise ratio (SNR) related to the reception of the transmit training
subfield or a channel measurement. The receive training sequence may include one or more
receive training subfields that occupy different portions of the receive training sequence and
the transmit training sequence includes one or more transmit training subfields that occupy
different portions of the transmit training sequence.

A beam refinement method at a receiving station (STA) to receive packets from a
transmitting STA over a directional wireless link is disclosed herein. The STAs may operate
in a wireless network. The method may comprise receiving, at the receiving STA, a packet
from the transmitting STA over the directional wireless link. At least a portion of the packet
may be transmitted according to a current transmit antenna direction and at least a portion of
the packet may be received according to a current receive antenna direction. The packet may
include a receive training sequence and a transmit training sequence that occupy different
portions of the packet. The method may further comprise determining, based at least partly
on the reception of the receive training sequence, an updated receive antenna direction. The
method may further comprise determining, based at least partly on the reception of the
transmit training sequence, transmit antenna performance metrics associated with the
directional wireless link and the transmitting STA.

Receiving the packet may include receiving the transmit training sequence according
to the current receive antenna direction. Receiving the packet may include receiving the

transmit training sequence according to the updated receive antenna direction. The transmit
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training sequence may include one or more transmit training subfields that occupy different

portions of the transmit training sequence. At least one of the transmit training subfields
may be transmitted according to a candidate transmit antenna direction that is different from
the current transmit antenna direction. The receive training sequence may include one or
more receive training subfields that occupy different portions of the receive training
sequence. Determining the transmit antenna performance metrics may include determining,
for each of the transmit training subfields, one or more transmit antenna performance metrics
based on the reception of the transmit training subfield at the receiving STA. The method
may further comprise sending, from the receiving STA, a packet that includes at least a
portion of the transmit antenna performance metrics.

A non-transitory computer-readable storage medium that stores instructions for
execution by one or more processors to perform operations for beam tracking at a
transmitting STA is disclosed herein. The operations may configure the one or more
processors to transmit, over a directional wireless link, a packet. The operations may further
configure the one or more processors to receive, from a receiving STA, feedback that
includes transmit antenna performance metrics associated with the directional wireless link.
In some embodiments, the packet may include a data portion, a receive training sequence,
and a transmit training sequence that occupy different portions of the packet. In some
embodiments, transmission of the packet over the directional wireless link may include
transmission of the data portion of the packet according to a current transmit antenna
direction.

In some embodiments, transmission of the packet over the directional wireless link
may include transmission of the receive training sequence according to the current transmit
antenna direction. In some embodiments, transmission of the packet over the directional
wireless link may include transmission of the transmit training sequence according to a set of
one or more candidate transmit antenna directions, such that at least a portion of the transmit
training sequence is transmitted according to each candidate transmit antenna direction. In
some embodiments, the set of candidate transmit antenna directions includes at least one
transmit antenna direction that is different from the current transmit antenna direction.

A beam tracking method at a transmitting STA is disclosed herein. The method may
include transmitting, over a directional wireless link, a packet. The method may further
include receiving, from a receiving STA, feedback that includes transmit antenna
performance metrics associated with the directional wireless link. In some embodiments, the

packet may include a data portion, a receive training sequence, and a transmit training
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sequence that occupy different portions of the packet. In some embodiments, transmitting

the packet over the directional wireless link may include transmitting the data portion of the
packet according to a current transmit antenna direction.

In some embodiments, transmitting the packet over the directional wireless link may
include transmitting the receive training sequence according to the current transmit antenna
direction. In some embodiments, transmitting the packet over the directional wireless link
may include transmitting the transmit training sequence according to a set of one or more
candidate transmit antenna directions, such that at least a portion of the transmit training
sequence is transmitted according to each candidate transmit antenna direction. In some
embodiments, the set of candidate transmit antenna directions may include at least one
transmit antenna direction that is different from the current transmit antenna direction.

The Abstract is provided to comply with 37 C.F.R. Section 1.72(b) requiring an
abstract that will allow the reader to ascertain the nature and gist of the technical disclosure.
It is submitted with the understanding that it will not be used to limit or interpret the scope or
meaning of the claims. The following claims are hereby incorporated into the detailed

description, with each claim standing on its own as a separate embodiment.
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CLAIMS

1. A transmitting station (STA) to support directional wireless links with multiple
receiving STAs, the STAs to operate in a millimeter-wave (mmWave) wireless network, the
transmitting STA comprising hardware processing circuitry to:

for each of the multiple receiving STAs:

transmit a packet over a directional wireless link between the transmitting
STA and the receiving STA; and

receive transmit antenna performance metrics from the receiving STA
associated with the transmission of the packet over the directional wireless link between the
transmitting STA and the receiving STA;

wherein the packet includes a data portion, a receive training sequence, and a
transmit training sequence that occupy different portions of the packet;

wherein the transmission of the packet over the directional wireless link includes
transmission of the data portion of the packet according to a current transmit antenna
direction associated with the directional wireless link.

2. The transmitting STA according to claim 1, further comprising one or more
memories to configure the hardware processing circuitry.

3. The transmitting STA according to claim 1, further comprising one or more
antennas to transmit the packets over the directional wireless links.

4. The transmitting STA according to claim 1, wherein the transmission of the packet
over the directional wireless link further includes transmission of at least a portion of the
transmit training sequence of the packet according to one or more candidate transmit antenna
directions for the directional wireless link that are different from the current transmit antenna
direction associated with the directional wireless link.

5. The transmitting STA according to claim 4, wherein the transmission of the packet
over the directional wireless link further includes transmission of the receive training
sequence of the packet according to the current transmit antenna direction associated with
the directional wireless link.

6. The transmitting STA according to claim 1, wherein:

the transmit training sequence of the packet includes one or more transmit training
subfields that occupy different portions of the transmit training sequence; and

the transmission of the packet over the directional wireless link further includes

transmission of the transmit training subfields according to a set of candidate transmit
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antenna directions for the directional wireless link;

wherein at least one of the transmit training subfields is transmitted according to each
of the candidate transmit antenna directions;

wherein at least one of the candidate transmit antenna directions is different from the
current transmit antenna direction associated with the directional wireless link.

7. The transmitting STA according to claim 6, wherein the transmit antenna
performance metrics include performance metrics related to the reception of one or more of
the transmit training subfields at the receiving STA.

8. The transmitting STA according to claim 7, wherein the performance metrics
related to the reception of the transmit training subfields:

include one or more of a received signal strength (RSS) at the receiving STA, a
signal-to-noise ratio (SNR) at the receiving STA, or a channel measurement associated with
the directional wireless link over which the packet is received at the receiving STA; and

enable the transmitting STA to determine an updated transmit antenna direction for
the directional wireless link between the transmitting STA and the receiving STA.

9. The transmitting STA according to claim 7, the hardware processing circuitry
further to:

for each of the multiple receiving STAs:

determine an updated transmit antenna direction for the directional wireless
link between the transmitting STA and the receiving STA based at least partly on the
transmit antenna performance metrics received from the receiving STA;

transmit to the receiving STA a second packet that includes a data portion, a
receive training sequence, and a transmit training sequence, wherein the transmission of the
second packet includes transmission of the data portion of the second packet according to the
updated transmit antenna direction.

10. The transmitting STA according to claim 9, wherein the determination of the
updated transmit antenna direction for the directional wireless link includes a selection of
one of the candidate transmit antenna directions as the updated transmit antenna direction,
and wherein the selection is based at least partly on the transmit antenna performance
metrics.

11. The transmitting STA according to claim 9, wherein the transmission of the
second packet occurs within 500 milliseconds of the determination of the updated transmit
antenna direction.

12. The transmitting STA according to claim 6, wherein:
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the receive training sequence of the packet includes one or more receive training
subfields that occupy different portions of the receive training sequence; and

the transmission of the packet over the directional wireless link further includes
transmission of the receive training sequence according to the current transmit antenna
direction associated with the directional wireless link.

13. The transmitting STA according to claim 1, the hardware processing circuitry
further to perform the transmission of the packet to each STA simultaneously.

14. A non-transitory computer-readable storage medium that stores instructions for
execution by one or more processors to perform operations for multi-user beam tracking, the
operations to configure the one or more processors to:

receive, at a receiving user station (STA), a packet from a transmitting STA over a
directional wireless link between the receiving STA and the transmitting STA, wherein at
least a portion of the packet is received according to a current receive antenna direction, and
wherein the packet includes a receive training sequence and a transmit training sequence that
occupy different portions of the packet;

determine, based at least partly on the reception of the receive training sequence, an
updated receive antenna direction; and

determine, based at least partly on the reception of the transmit training sequence,
transmit antenna performance metrics associated with the directional wireless link and the
transmitting STA.

15. The non-transitory computer-readable storage medium according to claim 14,
wherein the reception of the packet includes a reception of the receive training sequence
according to a set of candidate receive antenna directions, wherein at least one of the
candidate receive antenna directions is different from the current receive antenna direction.

16. The non-transitory computer-readable storage medium according to claim 15,
wherein the reception of the receive training sequence includes, for each candidate receive
antenna direction:

a reception of at least a portion of the receive training sequence according to the
candidate receive antenna direction; and

a determination of a receive antenna performance metric associated with the
candidate receive antenna direction based on the reception according to the candidate receive
antenna direction.

17. The non-transitory computer-readable storage medium according to claim 16,

wherein the determination of the updated receive antenna direction includes a selection of
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one of the candidate receive antenna directions as the updated receive antenna direction, and

wherein the selection is based at least partly on the receive antenna performance metrics.

18. The non-transitory computer-readable storage medium according to claim 15,
wherein:

the transmit training sequence includes one or more transmit training subfields that
occupy different portions of the transmit training sequence;

at least one of the transmit training subfields is transmitted according to a candidate
transmit antenna direction that is different from the current transmit antenna direction; and

the determination of the transmit antenna performance metrics includes a
determination, for each of the transmit training subfields, of one or more transmit antenna
performance metrics based on the reception of the transmit training subfield at the receiving
STA.

19. The non-transitory computer-readable storage medium according to claim 18, the
operations to further configure the one or more processors to send, from the receiving STA,
a packet that includes at least a portion of the transmit antenna performance metrics.

20. The non-transitory computer-readable storage medium according to claim 19,
wherein the performance metrics for each transmit training subfield include one or more of a
received signal strength (RSS) related to the reception of the transmit training subfield, a
signal-to-noise ratio (SNR) related to the reception of the transmit training subfield or a
channel measurement.

21. The non-transitory computer-readable storage medium according to claim 14,
wherein the receive training sequence includes one or more receive training subfields that
occupy different portions of the receive training sequence and the transmit training sequence
includes one or more transmit training subfields that occupy different portions of the
transmit training sequence.

22. A beam refinement method at a receiving station (STA) to receive packets from a
transmitting STA over a directional wireless link, the STAs to operate in a wireless network,
the method comprising;:

receiving, at the receiving STA, a packet from the transmitting STA over the
directional wireless link, wherein at least a portion of the packet is transmitted according to a
current transmit antenna direction and at least a portion of the packet is received according to
a current receive antenna direction, and wherein the packet includes a receive training
sequence and a transmit training sequence that occupy different portions of the packet;

determining, based at least partly on the reception of the receive training sequence,
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an updated receive antenna direction; and

determining, based at least partly on the reception of the transmit training sequence,
transmit antenna performance metrics associated with the directional wireless link and the
transmitting STA.

23. The method according to claim 22, wherein receiving the packet includes
receiving the transmit training sequence according to the current receive antenna direction.

24. The method according to claim 22, wherein receiving the packet includes
receiving the transmit training sequence according to the updated receive antenna direction.

25. The method according to claim 22, wherein:

the transmit training sequence includes one or more transmit training subfields that
occupy different portions of the transmit training sequence;

at least one of the transmit training subfields is transmitted according to a candidate
transmit antenna direction that is different from the current transmit antenna direction;

the receive training sequence includes one or more receive training subfields that
occupy different portions of the receive training sequence; and

determining the transmit antenna performance metrics includes determining, for each
of the transmit training subfields, one or more transmit antenna performance metrics based
on the reception of the transmit training subfield at the receiving STA.

26. The method according to claim 22, further comprising sending, from the
receiving STA, a packet that includes at least a portion of the transmit antenna performance
metrics.

27. A non-transitory computer-readable storage medium that stores instructions for
execution by one or more processors to perform operations for beam tracking at a
transmitting STA, the operations to configure the one or more processors to:

transmit, over a directional wireless link, a packet; and

receive, from a receiving STA, feedback that includes transmit antenna performance
metrics associated with the directional wireless link;

wherein the packet includes a data portion, a receive training sequence, and a
transmit training sequence that occupy different portions of the packet;

wherein transmission of the packet over the directional wireless link includes
transmission of the data portion of the packet according to a current transmit antenna
direction.

28. The non-transitory computer-readable storage medium according to claim 27,

wherein;



WO 2016/018168 PCT/RU2014/000568

26
transmission of the packet over the directional wireless link includes transmission of

the receive training sequence according to the current transmit antenna direction;

transmission of the packet over the directional wireless link includes transmission of
the transmit training sequence according to a set of one or more candidate transmit antenna
directions, such that at least a portion of the transmit training sequence is transmitted
according to each candidate transmit antenna direction; and

the set of candidate transmit antenna directions includes at least one transmit antenna
direction that is different from the current transmit antenna direction.

29. A beam tracking method at a transmitting STA, comprising:

transmitting, over a directional wireless link, a packet; and

receiving, from a receiving STA, feedback that includes transmit antenna
performance metrics associated with the directional wireless link;

wherein the packet includes a data portion, a receive training sequence, and a
transmit training sequence that occupy different portions of the packet;

wherein transmitting the packet over the directional wireless link includes
transmitting the data portion of the packet according to a current transmit antenna direction.

30. The method according to claim 29, wherein:

transmitting the packet over the directional wireless link includes transmitting the
receive training sequence according to the current transmit antenna direction;

transmitting the packet over the directional wireless link includes transmitting the
transmit training sequence according to a set of one or more candidate transmit antenna
directions, such that at least a portion of the transmit training sequence is transmitted
according to each candidate transmit antenna direction; and

the set of candidate transmit antenna directions includes at least one transmit antenna

direction that is different from the current transmit antenna direction.
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505 — TRANSMIT A PACKET OVER A DIRECTIONAL WIRELESS LINK BETWEEN THE
TRANSMITTING STA AND THE RECEMNG STA

l

f0—| . TRANSMIT THE DATA PORTION OF THE PACKET ACCORDING TO A CURRENT
TRANSMIT ANTENNA DIRECTION ASSOCIATED WITH THE DIRECTIONAL WIRELESS LINK

l

ri5—  TRANSMIT THE RECENE TRANING SEQUENCE OF THE PACKET ACCORDING TO THE
CURRENT TRANSMIT ANTENNA DIRECTION

l

TRANSMIT AT LEAST A PORTION OF THE TRANSMIT TRANING SEQUENCE OF THE
90— PACKET ACCORDING TO ONE OR MORE CANDIDATE TRANSMIT ANTENNA DIRECTIONS
FOR THE DIRECTIONAL WIRELESS LINK

l

705 —|  RECENE TRANSMIT ANTENNA PERFORMANCE METRICS FROM THE RECENING STA
ASSOCIATED WITH THE TRANSMISSION OF THE PACKET

l

53—  DETERMINE AN UPDATED TRANSMIT ANTENNA DIRECTION FOR THE DIRECTIONAL
WIRELESS LINK

l

N TRANSMIT TO THE RECEMING STA A SECOND PACKET
540 — TRANSMIT THE DATA PORTION OF THE SECOND PACKET
ACCORDING TO THE UPDATED TRANSMIT ANTENNA DIRECTION

FIG. 5
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705 — TRANSMIT, OVER A DIRECTIONAL WIRELESS
LINK, A PACKET THAT IS RECEVABLE BY A RECEVING STA

l

mQ~| RECENE, FROM THE RECEVNG STA, FEEDBACK THAT INCLUDES TRANSMIT ANTENNA
PERFORMANCE METRICS ASSOCIATED WITH THE DIRECTIONAL WIRELESS LINK

l

TRANSMIT, OVER A SECOND DIRECTIONAL WIRELESS LINK,
o A SECOND PACKET THAT IS RECEIVABLE BY A SECOND
RECEMING STA CONFIGURED TO OPERATE IN THE WIRELESS NETWORK

l

RECENVE, FROM THE SECOND RECEIVING STA, FEEDBACK THAT INCLUDES TRANSMIT
10— ANTENNA PERFORMANCE Mmlc%lféESLsé)SCSM{IIEI\?Kw”H THE SECOND DIRECTIONAL

FIG. 7
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30

805 — RECEIVE A PACKET FROM A TRANSMITTING STA OVER A DIRECTIONAL
WIRELESS LINK BETWEEN THE RECEVING STA AND THE TRANSMITTING STA

l

10— RECEIVE THE RECEVE TRAINING SEQUENCE ACCORDING
T0 A SET OF CANDIDATE RECEIVE ANTENNA DIRECTIONS

l

35— DETERMINE RECENE ANTENNA PERFORMANCE METRICS
ASSOCIATED WITH THE CANDIDATE RECEIVE ANTENNA DIRECTIONS

l

80— DETERMINE AN UPDATED RECEIVE ANTENNA DIRECTION

l

05— RECEIVE THE TRANSMIT TRAINING SEQUENCE ACCORDING TO A CURRENT
RECEVE ANTENNA DIRECTION OR THE UPDATED RECEIVE ANTENNA DIRECTION

l

330 — DETERMINE TRANSMIT ANTENNA PERFORMANCE
METRICS ASSOCIATED WITH THE DIRECTIONAL WIRELESS LINK

l

835 — SEND A PACKET RECEIVABLE AT THE TRANSMITTING STA THAT
INCLUDES AT LEAST A PORTION OF THE TRANSMIT ANTENNA PERFORMANCE METRICS.

FIG. 8
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