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[0002] The present disclosure relates generally to communication, and more

specifically to techniques for sending feedback information for beamforming in wireless

communication systems,

II.  Background

[0003] In a wireless communication system, a transmitter may utilize multiple (T)
transmit antennas for data transmission to a receiver equipped with multiple (R) receive
antennas. The multiple transmit and receive antennas form a multiple-input multiple-
output (MIMOQO) channel that may be used to increase throughput and/or improve
reliability, For example, the transmitter may send up to T data streams simultaneously
from the T transmit antennas to improve throughput. Alternatively, the transmitter may
send a single data stream from all T transmit antennas to improve reception by the
receiver.

[0004] Good performance (e.g., high throughput) may be achieved by transmitting
one or more data streams with beamforming. To perform beamforming, the transmitter
may obtain a channel estimate for the MIMO channel, derive steering matrices based on
the channel estimate, and perform transmit spatial processing with the steering matrices.
The transmitter may obtain the channel estimate in several manners depending on the

duplexing scheme used by the system and the capabilities of the transmitter and
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steered frame with beamforming based on the steering information.
[0007] In vet another aspect, a station may perform beamforming with implicit
feedback and NDP sounding. The station may send a first frame with a training request
and may receive an NDP in response. The station may derive steering information
based on the NDP and may then send a steered frame with beamforming based on the
steering information.
[0008] In yet another aspect, a station may perform bidirectional beamforming with
implicit feedback and NDP sounding. The station may send a first frame with a training
request and may also send a first NDP either before or after the first frame. The station
may receive a first steered frame with beamforming based on first steering information,
which may be derived from the first NDP. The station may also receive a second NDP
in response to the training request and may derive second steering information based on
the second NDP. The station may then send a second steered frame with beamforming

based on the second steering information.
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[0011] FIGS. 2A, 2B and 3C show three PPDU formats in IEEE 802.11n.
[0012] FIG. 3 shows a MAC frame format in IEEE 802.11n.
[0013] FIG. 4 shows unidirectional explicit beamforming with NDP sounding.
[0014] FIG. 5 shows umidirectional implicit beamforming with NDP sounding.
[0015] FIG. 6 shows bidirectional implicit beamforming with NDP sounding.
[0016] FIG. 7 shows unidirectional explicit beamforming with MPDU sounding.
[0017] FiG. 8 shows unidirectional implicit beamforming with MPDU sounding.
[0018] FIG. 9 shows bidirectional implicit beamforming with MPDU sounding.
[0019] FIG. 10 shows calibration with NDP sounding.
[0020] FIG. 11 shows calibration with MPDU sounding.
[0021] FIG. 12 shows calibration with both NDP and MPDU sounding.
[0022] FIG. 13 shows a management frame for sending channel state information
(CSI) feedback.
[0023] FIGS. 14 and 15 show beamforming by a station.
[0024] FIGS. 16 and 17 show explicit beamforming with NDP sounding.
[0025] FIGS. 18 and 19 show implicit beamforming with NDP sounding.
[0026] FIGS. 20 and 21 show bidirectional implicit beamforming with NDP sounding.
[0027] FIGS. 22 and 23 show calibration with NDP sounding.
[0028] FIGS. 24 and 25 show transmission of CSI feedback for calibration.
[0029] FIG. 26 shows a block diagram of two stations.

DETAILED DESCRIPTION

[0030] The techniques described herein may be used for various wireless
communication networks and systems such as wireless local area networks (WLANS),
wireless metropolitan arca networks (WMANs), wireless wide area networks

(WWANS), etc. The terms “networks” and “systems” are often used interchangeably.
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used i nter ghanggR0LYOMA) network, etc. For clarity, certain aspects of the techniques are
described below for a WLAN that implements TEEE 802.11n.
[0031] TEEE 802.11n utilizes orthogonal frequency division multiplexing (OFDM),
which is a modulation technique that partitions the system bandwidth into multiple (K)
orthogonal subcarriers. For 20 MHz operation in IEEE 802.11n, K =64 total
subcarriers are defined with OFDM and are assigned indices of —32 to +31. The 64
total subcarriers include 52 data subcarriers with indices of {1, ..., 6, 8, ..., 20,22, ...,
28} and four pilot subcarriers with indices of £{7, 21}. The DC subcarrier with index
of 0 and the reméining subcarriers are not used. For 40 MHz operation in IEEE
802.11n, K =128 total subcarriers with indices of —64 to +63 are defined and include
108 data subcarriers with indices of {2, ..., 10, 12, ..., 24, 26, ..., 52, 54..., 58} and
six pilot subcarriers with indices of {11, 25, 54}. IEEE 802.11n also supports MIMO
transmission from multiple transmit antennas to multiple receive antennas. IEEE
802.11n is described in IEEE P802.11n™/D1.0, entitled “Part 11: Wireless LAN
Medium Access Control (MAC) and Physical Layer (PHY) specifications:
Enhancements for Higher Throughput,” dated March 2006, and in TEEE
P802.11n™/D2.00, entitled “Part 11: Wireless LAN Medium Access Control (MAC)
and Physical Layer (PHY) specifications: Amendment : Enhancements for Higher
Throughput,” dated February 2007.
[0032] FIG. 1 shows a wireless network 100 with an access point 110 and multiple
stations 120. In general, a wireless network may inchude any number of access points
and any number of stations. A station is a device that can communicate with another
station via a wireless medium/channel. A station may also be called, and may contain
some or all of the functionality of, a terminal, a mobile station, a user equipment, a
subscriber unit, etc. A station may be a cellular phone, a handheld device, a wireless
device, a personal digital assistant (PDA), a laptop computer, a wircless modem, a
cordless phone, etc. An access point is a station that provides access to distribution

services via the wireless medium for stations associated with that access point. An
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[0036] The transmitter (or beamformer) may perform transmit spatial processing for

beamforming to the receiver (or beamformee), as follows:
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[0037] The beamforming in equation (2) steers or shapes the beams sent from the
transmitter to the receiver. For effective beamforming, the transmitter should have an
accurate estimate of the response of the MIMO channel from the fransmitter to the
receiver. This information on the MIMO channel may be used to derive appropriate
steering matrices for transmit spatial processing to direct the beams from the transmitter
toward the receiver.
[0038] Beamforming may be performed in several manners and may be supported
with various protocol data units (PDUs). For clarity, beamforming using PDUs defined
in IEEE 802.11n is described below.
[0039] In IEEE 802.11n, a MAC protocol processes data as MAC PDUs (MPDUs).
A Physical Layer Convergence Protocol (PLCP) then processes the MPDUs to generate
PLCP PDUs (PPDUs). A PPDU may also be referred to as a packet, a frame, etc. A
physical layer (PHY) then processes and transmits each PPDU via the wireless medium.
In IEEE 802.11n, a high-throughput PPDU (HT-PPDU) may be used for MIMO
transmission from multiple transmit antennas to multiple receive antennas.
[0040] FIG. 2A shows a structure of an HT-PPDU 210 with an HT mixed format in
IEEE 802.11n. HT-PPDU 210 includes a mixed-mode preamble followed by a Data
field. The mixed-mode preamble includes (i) a legacy preamble composed of a legacy
short training ficld (L-STF) and a legacy long training field (L-LTF), (ii) a legacy signal
(L-SIG) field, (iii) an HT signal (HT-SIG) field, and (iv) an HT preamble composed of
an HT short training field (HT-STF) and one or more HT long training fields (HT-
LTFs). The number of HT-LTFs is equal to or greater than the number of streams being
sent simultancously. The long and short training fields carry known training symbols
that may be used for frame detection, time acquisition, frequency estimation and
correction, automatic gain control (AGC), channel estimation, etc, The L-SIG and HT-
SIG fields carry signaling information for the HT-PPDU. For example, the HT-SIG
field carries (i) a Length field that indicates the length of the Data field and (11} a Not
Sounding ficld that indicates whether or not the HT-PPDU is a sounding PPDU. A
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[0042] HT-PPDUs 210 and 220 may be used as sounding PPDUs by setting the Not
Sounding field to 0 and including a sufficient number of HT-LTFs. A sounding PPDU
that carries data is referred to as a sounding MPDU.
[0043] FIG. 2C shows a structure of a Null Data Packet (NDP) 230 with a
greenfield preamble in TEEE 802.11n. NDP 230 is a sounding PPDU that carries no
data and may also be referred to as a Zero Length Frame (ZLF), etc. NDP 230 may be
formed by setting the Length field to 0, setting the Not Sounding field to 0, including a
sufficient number of HT-LTFs, and omitting the Data field.
[0044] HT-PPDUs 210, 220 and 230 are some PPDU formats supported by IEEE
802.11n. The PPDU formats supported by IEEE 802.11n are described in the
aforementioned TEEE 802.11n documents.
[0045] FIG. 3 shows a structure of a MAC frame 300 in IEEE 802.11n. MAC
frame 300 includes various fields such as an HT Control field, a Frame Body field, and
a frame check sequence (FCS) field. The Frame Body field carries data for the MAC
frame. The FCS field carries an FCS value, which is generated based on the contents of
the other fields in the MAC frame and is used for error detection of the MAC frame.
The HT Control field includes various fields such as a Link Adaptation Control field, a
CSI/Steering field, an NDP Announcement field, and a reverse direction grant
(RDG)/More PPDU field. The Link Adaptation Control field includes a traiming request
(TRQ) field and an MCS request or Antenna Selection Indication (MAT) field. The
MALI field includes a modulation coding scheme (MCS) request (MRQ) field. Table 1
lists the various MAC fields shown in FIG. 3 and provides a description for each MAC
field. The formats of the MAC frame and fields and the different types of explicit
feedback indicated by the CSI/Steering field are described in the aforementioned IEEE

802.11n documents.
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[ 0044] HT- PPDUs_210. 220 and 230 are some PPDU formmts supported hy

| EEE

Sounding Type

Description

MPDU sounding

Use of a sounding PPDU carrying data and the HT Control field.

NDP sounding

Use of a sounding PPDU carrying no data and no HT Control field.

{0047]

Table 3 lists two beamforming schemes/feedback types supported by IEEE

$02.11n and provides a short description for each feedback type.

Table 3
Feedback Type Description
.. Beamformee transmits a sounding PPDU.
Implicit . )
feedback Beamformer derives a MIMO channel estimate from the sounding

PPDU and computes steering matrices based on the MIMO channel
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[0049] Beamforming may be used if a transmitter station and a receiver station both

support the same feedback type, which may be implicit feedback or explicit feedback.
If one station supports only implicit feedback and the other station supports only
explicit feedback, then beamforming may not be available for these stations due to
iﬁteroperability issues between the two feedback types. The two feedback types are
incompatible for several reasons. First, a station that supports only implicit feedback
would not be able to send appropriate feedback to a sfation that supports only explicit
feedback. Second, no mechanism may be available to induce a station that supports
only explicit feedback to send a sounding PPDU. Furthermore, the two sounding types
may be incompatible.

[0050] In an aspect, a station may be designed with the following capabilities in

order to support both implicit feedback and explicit feedback for beamforming:

1. Transmission and reception of sounding PPDUs,
2. Respond to training request (TRQ) by sending a sounding PPDU, and
3. Respond to request for explicit feedback.

By supporting the sct of capabilities given above, the station would be able to perform
implicit or explicit beamforming with another station supporting the same set of
capabilities.

{0051} In one design, a station may support only NDP sounding, or only MPDU
sounding, or both NDP and MPDU sounding. The sounding capability of the station
may be advertised via a transmit beamforming (TxBF) Capability field that is included

in certain frames such as beacon, association request, association response, probe



1 = request for CSI feedback, 2 = request for non-conpressed

beanf orm ng feedback matrix, 3 = request fjgr conpressed beanfoi m n

f eedback WRMBR29DP Announcenment 0= no NDP wil | foIIomFCTHQ”Wﬁ@J%éaI
follow RDG Mre PPDU 0 = PPDU carrying MAC frane is the |ast
transm ssion, | = PPDU carrying MAC frane is followed by anot her
PPDU, 0 = no reverse direction grant being sent, 1 = reverse

direction edqasdt, ksd prebeembpons¢ GRdbdsTall encthdri ddsint \WObaafohargniy pesport
and provides a short _description for each sounding type. An NEP
carries notrRmaissiomel NRP soundinggndreccahen ol strgseres souBRiRg, andrebeanpaymee

be ot Lol SB[ 9BRBTct R8I DOR-ARAIPLF gl BTG 1
IEEE 802.11n, reference for multiple dimensions is spread across multiple training
symbols using a defined orthonormal matrix. With staggered sounding, this spreading
is done separately for the training symbols associated with the data dimensions and the
training symbols associated with the extra spatial dimensions (extension spatial streams
in 802.11n). In this way, the sounding for the extension spatial streams may be
separated in time from the sounding for the data dimensions. Staggered sounding may
be used when the number of dimensions to be sounded is greater than the number of
data dimensions, or space time streams (Ngrs). Staggered sounding may be available
only for MPDU sounding and may be used to sound extra dimensions in MPDU
sounding. The beamformee may respond to a CSI feedback request sent with an NDP
by the beamformer. The beamformer may respond to a sounding request by the
beamformee.

[0052] Beamforming may be performed with implicit feedback or explicit feedback,
which may be supported with NDP and/or MPDU sounding. Beamforming may also be
performed for a unidirectional transmission from one station to another station or for
bidirectional transmission between the two stations. Different sequences of frames may
be exchanged for different beamforming scenarios. For clarity, example frame
exchanges for some beamforming scenarios are described below.

[0053] FIG. 4 shows an example frame exchange for unidirectional explicit
beamforming with NDP sounding. Station A may transmit an unsteered frame 410 with
a feedback request for one of the feedback types listed in Table 1. An unsteered frame
is a frame sent without beamforming, and a steered frame is a frame sent with
beamforming. Frame 410 may be a Request to Send (RTS) frame containing a
requested duration for the amount of time needed to transmit pending data and
associated signaling. Frame 410 may have the NDP Announcement field set to 1 to
indicate that an NDP will follow. Station B may receive RTS frame 410, grant the
request, and transmit an unsteered Clear to Send (CTS) frame 412, which may carry any
data that station B may have for station A. The RTS and CTS frames are control frames
that may be exchanged to reserve the wireless medium and avoid interference from

hidden stations. The RTS and CTS frames may also be omitted.



Soundi ng Type Description MPDU sounding Use of a sounding PPDU
carrying data and the HT Control field. NPP sounding Use of

soundi ng WiPEI88#973/i ng no data and no HT Control field. ?C?@§%WT¢QBF%
3 lists two beanform ng schenes/feedback types supported by | EEE
802.11n and provides a short description for each feedback type.
Tabl e 3 Feedback Type Description Inplicit feedback Beanfornee
transmts mosapndidigidiPhay send an NDP 414 and an unsteered frame 416, which may be

a data frame or some other frame. NDP 414 may be sent within a short interframe space
(SIFS) time of the end of frame 412. Frame 416 may have the RDG field set to 1 to
indicate a reverse direction grant, which may transfer control of the wireless medium to
station B. Station B may estimate the MIMO channel response based on NDP 414 and
generate explicit feedback of the type requested by station A. Station B may then
transmit an unsteered frame 418 with the explicit feedback. Station A may receive the
explicit feedback, derive steering matrices based on the feedback, and transmit a steered
data frame 420 using the stecring matrices for beamforming.

[0055] Unidirectional explicit beamforming with NDP sounding may also be
performed in other manners. For example, the RTS and CTS frames may be omitted or
replaced with frames of other types. NDP 414 may be sent within SIFS time after frame
416, which may have the NDP Announcement field set to 1 to indicate that an NDP will
follow.

[0056] FIG. 5 shows an example frame exchange for unidirectional implicit
beamforming with NDP sounding. Station A may transmit an unsteered RTS frame
510, and station B may return an unsteered CTS frame 512. Station A may then
transmit an unsteered frame 514, which may have the TRQ field set to 1 to indicate a
training request and the RDG field set to 1 to indicate a reverse direction grant. Station
B may then transmit an unsteered frame 516, an NDP 518, and an unsteered frame 520
based on the reverse direction grant in frame 514. Frame 516 may have the NDP
Announcement field set to 1 to indicate that an NDP will follow and may have the More
PPDU field set to 1 to indicate that another frame will follow. NDP 518 may be sent
within SIFS time after frame 516. Frame 520 may have the More PPDU field set to 0 to
indicate that no other frame will follow. Station A may estimate the MIMO channel
response based on NDP 518, derive steering matrices based on the MIMO channel
estimate, and transmit a steered data frame 522 using the steering matrices for
beamforming.

[0057] Unidirectional implicit beamforming with NDP sounding may also be
performed in other manners. For example, the RTS and CTS frames may be omitted or
replaced with frames of other types. Frame 516 may have the NDP Announcement

field set to 1, and frame 518 may be omitted.



Beanf orner derives a M MO channel estimate fromthe soundi ng PPDU and
conputes steering matrices based on the MMO channel WO

2008/ 0023 2W@PPAITL007/ 072224 estimate. Explicit feedbBEKUBEANPGEHEr
transmts a soundi ng PPDU. Beanfornee derives a M MO channel estinate
fromthe soundi ng PPDU and sends feedback to beanforner. Beanforner
conputes steering matrices based on the feedback. [0048]Inplicit
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may be inc
have the TRQ field set to 1 to request training and the More PPDU field set to 0 fo

indicate that no other frame will follow. Frame 620 and/or 624 may carry any data that
station B may have to send to station A.

[0059] Station A may estimate the MIMO channel response based on NDP 622 and
derive steering matrices based on the MIMO channel estimate. Station A may then
transmit a steered frame 626, an NDP 628 in response to the TRQ in frame 624, and a
steered frame 630. Frame 630 may have the TRQ field set to ! to indicate a training
request and the RDG field set to 1 to indicate a reverse direction grant. Each station
may transmit additional frames with beamforming in similar manner.

[0060] Bidirectional implicit beamforming with NDP sounding may also be
performed in other manners. For example, the RTS and CTS frames may be omitted or
replaced with frames of other types. Frames 614, 620 and/or 626 may each have the
NDP Announcement field set to 1, and frames 618, 624 and/or 630 may be omitted.
[0061] Bidirectional explicit beamforming with NDP sounding may be performed
based on a combination of FIGS. 4 and 6. Stations A and B may both transmit NDPs,
as shown in FIG. 6. Each station may derive explicit feedback based on the NDP
received from the other station and may send the explicit feedback to the other station.
Each station may derive steering matrices based on the explicit feedback received from
the other station and may transmit steered frames with the steering matrices.

[0062} FIG. 7 shows an ecxample frame exchange for unidirectional explicit
beamforming with MPDU sounding. Station A may transmit an unsteered RTS frame

710 in a sounding PPDU. Frame 710 may include a feedback request for one of the
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[0064] FIG. 9 shows an example frame exchange for bidirectional implicit
beamforming with MPDU sounding. Station A may transmit an unsteered RTS frame
910 in a sounding PPDU. Frame 910 may have the TRQ field set to 1 to indicate a
training request. Station B may estimate the MIMO channel response based on the
sounding PPDU from station B and may derive steering matrices based on the MIMO
channel estimate. Station B may then transmit a steered CTS frame 912 in a sounding
PPDU. Frame 912 may have the TRQ field set to 1 to indicate a training request and
may carry any data that station B may have to send to station A. Station A may derive
steering matrices based on the sounding PPDU received from station B and may
transmit a steered data frame 914 using the steering matrices for beamforming. Frame

914 may carry a block Ack for any data sent in frame 912 and may have the TRQ field

set to 1 to indicate a training request. Station B may derive steering matrices based on
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nel ade a PESABEE e eap SRRy RS bt oSIHTRIS R et 0 PRE e
Tabl e 1. ShabthenfrBnemyll ésltowrat e t he M MO channel response based on
t he soundi ng_PPDU and may generate expljcit feedback of the ty.
request ed H&gl at i B#H1R AR i’ieétﬂfnﬁerfg?/&g%q W&‘i‘\gﬁﬁp"%‘? B%ﬁ@é‘rggmdi@z
frame 712, oo Gyidiay. g%ﬁB%&ﬁ'ﬁy el dofdplutel 1IBBIERASY coRb@ldnQRcrdaéed on the

derive steering matrices based on the explicit feedback received from
station B Mi¥MOehatnchagindte destromed dydddtant 4 and thrd 51 Stedbadkhigeeived from

steering matrices for beanfornm ng. Frane. 714 be sent . n -
soundi ng PREUPSHA SHP™ AEFAICRPPY P SHHRoRY Setn FErStigh dpif ransmission
f eedback. & akiqmpB may estimate the M MO channel response based on

t he soundi ng PPDU and may generate explicit feedback_of the type. .
request ed B30731 at iIOIG. Al Bows ian exBpgyirampreerchargesieT caldnatipisvil egpjict CSI

frane 716 carJyving .t licgit feedba

(B 1 or 1 R FaUPOT Rl A0S na ity A fnfEAaRISaRRE M 10
franme exchanggoliRing/PPOLY ERfair@nial1 0} hbiet thd €3MSedering T@ldwbdt ho VRBUWequest
soundi ng. Station A may transmt an unsteered RTS frame 810, whi CQ
may have t kS frdbpskernd thatTRQ field sstitgdite Apdicate o EiIHNE geuedy sYption B may

Station B ga@@% WARAS L tanAR %@g&@gﬁ%@eﬂﬁ ﬁl&asgﬁn@iﬁg pPh@ ﬁ@éi@éﬂf;jﬁtggl

PPDU. Frane carry any dat at station may have to sen
station A s@tiat ir0andnngyeedemnte€SEfeedbiokg Station Bemap dismdtrommithen unsteered

soundi ng PPDU received fromstation, B transmt, a e at
frame 814 E&%@amﬁélé% sehiclh gaprefary the C%E&Gﬁ?@é?ﬁa& frishgrd Eﬁﬁ%ﬁﬁaﬁa@
have the TR FdaldiSRE Midd cthgm]ie?génsgé%s‘%gﬁlséd' &4 HeNGuhGAFPPDU Ricailvk®frobh

may then transmt an unsteered f ' in a soundi ng PPDU. Frane
816 may castajiom Bohmckapcampule re¢iprogiy sosesitoni vectorabased v4 thg BUSHY chagnel

9 shows an exanpl e frane,.exch for bidirectional inplicit

beanf or mi nﬁSW%Ea%&‘j ?Bhﬂﬂfeﬁgga%gt ation A may transmit an unsteered
RTS frame 94¢3in apRQudiiResRRRdamblafiEmd tkhanye fa\elibragon Rihfekplidt CSI
set to 1 to indicate a training request. Station B nmay estimte the

M MO channdéedbeckpasbothaNBB avd MRPE seidingg PROoN t4 sraysiasmihapupsieered
ma derive rin ri 0 t tii
Station B R eRER L okFER 87 Bl T e R0 et 850, B ffest C51

PPDU. Fr angefibaciragtafion B il rEReh fahalndteset CTS Trahwe 121di cBfadom A may then
trai ning request and maﬁécarry any datg that station
i I

t B may have to
send to st stepgnitan MpRtiZdh apd gaymaiesicd dragmee &3 ion g fﬁﬁler]i?éggn%’agaé’& tiﬂ?l TRQ
t he soundi r i - f tJ it
data frane !L(EE%P;{P nlg? hée/%g%nélgé) ?%%@E%adtn(raﬁé‘ gs or eaS%r%‘r %’pﬁlmr)l é?ﬁ%%g%ggeg%ie
may carry aidetimkeAak Searticary nist estisend tHenMiMaheh®h2l sponsa\babealven MNP

TRQ field set to 1 tq indicate a traini request,. . Station .

derive st eéﬁilﬁéf%ﬁfﬂ‘%g‘ gg@@ay (gﬁneri@%g%%‘ggfgogﬁlfﬂ %igﬁgﬁ%%&ﬁn
unsteered frame 1218 in a sounding PPDU. Frame 1218 may carry the CSI feedback
and may have the More PPDU field set to 0 to indicate that no other frame will follow.
Station A may estimate the MIMO channel response based on the sounding PPDU



[ 0065] Beanform ng with MPDU sounding in FIGS. 7, 8 and 9 nmay al so be
perfornmed in other manners. For exanple, the RTS and CTS franmes ma

be repl a®&2i26080029F7 anes of ot her types. [0066] Bi di r ect i BREUSEEHPT2814
beanf orm ng with MPDU soundi ng nay be perfornmed based on a
conbination of FIGS. 7 and 9. Stations A and B nay both transmt
soundi ng PPDUs, as shown in FIG 9. Each station may derive explicit
f eedback b?e%&@e@ Frokdd @taﬁ@ﬁ‘ BAh RO MBY R kele¥ R dity ABricboP VR Ers Hagdd O the
and may send the explicit feedbactk to the other station. Each station
may deri veMIMER changehestimatceandishe explisit feddbaelkpl i cit f eedback received

fromthe o r. st n_and ma a t.eer.ed

st eering nL@ﬂ:es.aéa[@%‘?PéB@h%ﬁB?h?ﬁarpmeﬁ 1P|%lf| (I:llI atn%%g gg%%%ééggut%% RT
reci procal g wscﬂéﬁ@@ha?/%ieVQﬁﬁcéd atithodisa Aradied oB.frabfidsSofadth@Wspsd, aFra(ima
Ato (i) estimate the M channel response for the link from statjon

B to stati dfldenséydd28in ché d@naam@amePé’cénwwm@rﬁf@é%ﬁt &h g fipme

(i) use 't [E?§fN pip
response f(??f%%ﬂ%@Q (ﬁhom S %?582;%&%? st a |on%§%%§)ﬂ gr,Q!Ufas
the respons&s @fpdshiblet etf&lﬁ $lm traiaing ra@ueaf foahi ftdtemeht Statom B hevyrsesddresE@Si
of the receive chains at station stati 0

t .
di f f er encescodbakeFithppaCOnAEoEYt rﬂkf"cl\I b%ﬁ‘“ﬂrﬁlén cﬂﬁgh?lgi?er tme.
[ 0068] St at ipgy A ad sfh Yy BEGETM ERLEBMA! BbrhiRoufIhG IE QippbREd without

differ ence vveen elr transmt and receéive chains and to derive
correcti omm&gtaahbrahbm{smmﬁo meessazes isad framacschmped. orFor alibliafiber tincesl

and restore reciprocit I|brat|on i requw red for QuRpi.Ng
ut, i1 pertOpoTHy SRS DUARRER OO HRF SRS K SeT s A o
and B may ReISOIIFRRAIY Q{dafdlfp@latln dns asdig, Iv@i@naarmﬂ%gaé%&m@ﬁndmdea% the
[0069] FIG 10 shows an exanple frame exchange for calibration with

explicit CSimé Eevioas I@ (éﬁicfe cls mdﬁn@lﬂ 18ecisipD & SA madoes mayshi sengpack for

unsteered RTS fr and station

frame: 1012 cieetin ARy P Rerte R S al shghdided, FAREREE, rhilney
NDP 1016, aRBes@nounditaeurtdit anmlibli8n altl ariledid 4rtmy shevor tdiidration.
CSlI/Steering field set to 1 to request CSI feedback and may indicate

that full pOES]si oGS shemgatricaroof 4 meaagemnt Hare 130P it may s yay to
have the T c{,\ QI C%te(?L)eé[cktfgr c]aht)%t ﬁ tFEa%é"!lSrtﬁ) e a6%5}gf gt S s%sfd ehdio

set tOltS ale a reverse II‘eCtIOI’l grant. atloanay
estimat e tlgynivoMBethandel Mlmo@SIemaﬁemt ﬁepdﬂ)lﬁend)lfsrlanuﬂm Crauet ffodd

f eedback d bed h
Cotumont 2 tdes GRrigns, Bt HE 1 PP ) T 81 G Gop SR o, figlg, For
NDP 1022, gﬂ@{* xﬁ'%ﬁé Gﬁ]@ ﬁé}Er?n Aot FJ 605 ﬂgzq WRNCH AR ddGofpihe of

f eedback an ave fleld set to indicate that
anot her f ralmasuhchﬂnefs; lsb olat a%&kma&milhhg/pajvwdd‘ar eycht dfeth€Shbdagedp 4K,

d h the Mo field t t di.cat
e T ot et SaTLTS: B Aohey el B ool R oy
response baged; @1 {HIPRLLOZAALR meghmapag@ b@tﬁt@o RAbidh @Yull PRBbisRayRil be

reC|prOC|ty correction vectors based on channel estimte

det er m ned usgd §raatloplemennel ctaﬁb QB m4tend H@@ MIME Slelafricsispert gkl may
Station A e aPPLY i HECLRAOSENHER IHaP Gy Ot YEG! RE SrelnlsWoH! Gith cach

transm ssi 6A
matrix element being represented with full precision.

[0077] FIG. 14 shows a design of a process 1400 for supporting beamforming by a
station. The station may receive a training request (block 1412) and may send a first
sounding frame in response to the training request (block 1414). The station may
receive a request for explicit feedback for beamforming (block 1416) and may also
receive a second sounding frame (block 1418). The station may generate the explicit
feedback based on the second sounding frame (block 1420) and may send the explicit
feedback in response to the request for explicit feedback (block 1422). The processing



[0072] FIG 11 shows an exanple frame exchange for calibration with
explicit CSl feedback and MPDU sounding. $yation A may transmt an
unst eer eWORIBSM9287 1110 in a soundi ng PPDU. Frane 1110PGHEVSHATE22He
CSl/Steering field set to 1 to request CSI feedback and the TRQ field
set to 1 toindicate a training request. Station B nmay estimte the
M MO channel response based on the sounding PPDU received from

station A gngioERY |4RNEkIR (b &@ﬁ%@%konésba&ma iR epeyddnh @Rnter REMdes.
an unsteered CTS frame 1112, whic carry the CSI feedback, in a

ma
soundi ng PPDuprogessirigon tlocksyl4é2 tthrmle{ﬁ?emm' RISTeise Hitetapplilifengach abe

th di ng PPDV 1 ecei f t at.i d .
ect proctt P LRPECETIRTY Bkt orLedemee R e bR R Ingeionley
the expli ciindigihiagkd rdcOPiod] 6 Sundidg TG ar @xard ie Yisaee 464 ahdrges,

for calibration wth explicit CSI feedback and both NDP and NPDU i
soundi ng. BsbeatizalyA Response 4ma fiamingrogRet &% serfling s spynsing HDIRY 1s gpyegsd in

may have tRRCESIAS SR 119 ThabSiReh bk 1R kAMPREERL i 8RAREFl blocks

Station B may retudrn an ‘uns rame ation A may then
transmt amdNOB 14224 and an unsteered frane 1216. Frane 1216 nay have

the TRQfield tt | f t i ni ) field t
Lo g niloaT e £avbferaumay cogeimnd & s ATDUsib itk o RDor Sefe s e
the M MO - ; !

the ggfﬁpgié d]%a%ﬁ%B ctﬁg%’ﬁ%@ Iﬂ%%]a@%ﬁ ﬁ@mgéﬁéeis@an&raﬁgm d but

generate ack. ion B en transmt an unsteered frame
1218 in a soudadifigd BPOY.a ffumerbadiag Soikeyaiciag rayd dhte fCSis. f Beddabikit dgadback
may have the More PPDU. fjield set to O to i%%i ate.that n ﬁ%hﬁr fartarreg
Wil fol | oRaYSERIPHS ACHhyMaLPa feNCARPER 3%‘&@1?%5%8 B8 p JELHCCS,

on the soupgnngsRAPamiRafiyREIbJRMsak! 6. B and may conput e
reciprocity correction vectors based on the M MO channel estinmte and

the expl i ci9079bedbBiskstatimonay Bakn brpliditoeamdgrmeesod meayperdive Asigered frame
ot her manners. For ex le,. the RTS and,.CTS f e I d
W th data PR SR Ranue Bleog herery Ut T R R TR A PLERBEG The
FIG 10 mayahay endyhBe NRRnYRAUGaTERcc it thayerecdive la, steureld ffraateeseh® With
and/or 1024 may be omtted. Station B may send an NDP or a soundi ng

PPDU as sobmamarpieshased onfimphicit fredbacki derivgd foguibstinst wndingidiage ynt in
Station B t . fe k,.ei e all i i :
NP or " soulio Ranu B Stich Ry 3 F kiRl harQBhtiald By bt Rgpiici
11 and 12, feabidk ptrctitedrdionbehes fipp cotiedingyiftane tdetise stgering information (e.g.,
calibration-specific¢c nessages and fr.a excha s. For, cal,ibrati

the CSI T oSUBHEK THEGEL batiay RS SEREIVERG PHY o B usek St r g Fieeteg Tame
the HT CONGEG bdan@blinindSaSROUN kil iARGIRDIRe btatibh RALLEEE iAPlicit

when a training reques? is included im the same frane as a 'CSl
f eedback r éguektrmef arld mpy eciedicanthGlsomating fescndgrivissteseing iifaoRkatiar based

use to derive, reciprocit orrection, vect or I n t her. design, ,a
desi gnat ed ;B¢ ﬁ“ﬁ’&f“ﬂ@‘%fg’@% gn ﬁ%‘?%%\?@eﬁeﬂz‘r@ea?’ﬁﬂ g’fea%%r%r}gaﬁ?%% on fhe
to identifybfigiBodeonf or calibration. [0076] FIG 13 shows a
structure of a fmnagenent franme 1300 that may be used to send CS| |
feedback f 00804l i bFEGi Bhshawrseardesigoof imepradaias V300 Busuppasting bexeleramne.

Cont rol 11 e [0 hufe ks ot P TeERe i TS St Mpons

and a Coef fihci@@ingSi Figstfsoehding FidkneCial febionbé @ thet figinfagaupiag (hbdild 1604),
be set to O for Ng = 1, which neans ng _grougi ng_ of thﬁ subcarri eirs,
so that a @Sangder regeixing a pequgstoler sepligibfecdirak BF bepatammpafpedie 1516),

(-28, ..., = .. +28 ?ﬁl%s 1 .S.Sd N80 th
Coef fi ci entmélhg g&;‘rie(éﬁﬁémﬁéy;egé&ggeotu%g or%éuzé 335 fsﬁhn@g%ﬁ%gggmghgltg ©
ei ght bits eapligt &idbichnbased ohuhd s@oedissinaling fialle (peduketsX0pr arelambans for
el ement of each CSI matrix. The. MMO CSI Natrices .Report.field
carry a CSISCReing ithe $)g}l1cg£q:fib§abgh]:qspg}settﬁé@e Wﬁf}eszécoﬁjg’@élmftJl?edba"kn?a{Odme
1522).
[0081] FIG. 16 shows a design of a process 1600 for beamforming with explicit

feedback and NDP sounding. A station may send a first frame (e.g., frame 410 in FIG.



in blocks 1412 through 1422 may be for one or nore independent frane
exchanges. The processing in blocks 1412 through 1422 may exercise

t he capabv® daoBee29gi ven above to support both inplicit fBEHHEYR7/A3A24
explicit feedback for beanformng. In particular, transm ssion and
recepti on of sounding PPDUs are covered in blocks 1414 and 1418,
respectively. Response to a training request by sending a soundi ng
PPDU is co | 1S kil sdn@ran NDP
explicit fggg@gci%qgggg%gféﬂﬁtnﬁg o%gi(ﬁ}fﬁ%%?gﬁlz%gta goglg‘?Each frame
may corr esfrndNDP 4l PPbuingmnt IEBE08O Raibingoficld bk notdatar figld felogk 16B4). The

Each di f b i NDP. i t. t tralni
B o TR Bl sy ol L SR S W o
fields. Themaxpld chimé 868 PAGH: 1E16)C ARR stafiln Gty dRivE isﬁ:@ﬁxclig information based

non- conpr essed beanf orm ng feedback matrices, conpressed beanform n%
f eedback man the explicétfeedijaglo Topath 6 B aamidonayresndire staered smeciets., frame 420)

beanf or nee may recejve.a steered f. it eanf or m ng
based on tﬁ’gt%g%‘?ﬁﬁ%wng vy g%%ersg%eﬁlr ﬁé%%?;ﬁa%q%g@k%ig%&)' The station
may be an [ouski ci tThReamd WER sefitanRY S Ifede) Metha fBétdemey réochnes €A tframe

wi th beanform ng based on inplicit feedback derived from tE f(‘j,:rf}
soundi ng f imrpspawato the kTddemeqaud sepgdhe NP whbigg SHES Hre @ §iei Ty frame.

peant or et (8¢ HBY nf:S5EAY & ufitPhfil Lvich SRHIBGHo ASRERRIAHE) LAAM 4 Ssldhe b
soundi ng frame, derive steering | nformtion ? .g., Steering matrices)
based on t ke NePeuvethagxptiict thd exdbadiamenafiersibadhiad Staeer eThé station may
wi th beanform ng based on_the steerjng.informati on. The statjon .
be an inpl plquqd%gaﬁhﬂmrﬁlﬁﬁ@hgrawswrﬁ%%gwegrﬁn%rﬁnra&ngwmeﬂb&# AP will
derive steggj i nformati on based on the third sounding franme, and

send a steered frame with beanform ng based on the steering ) .
i nf or mat i ofi00g30080FRE.A7 devwshodwiza desiagparefus dA0& fydrcamfermspithexplicit

supporting Jbeanf ornj ratys 1500 .i-ncl.udes neans.for r.eceivi a
training r é?ﬁ‘i’g%?k ?W%ﬁﬁpé%ﬁ%%y %%@Sfigﬂﬁé%&ﬁeﬁﬁleﬁn? fordending ﬁd%ﬁtg@ame
frame in respoNsQute hhexiical BEdMcK BAb@RE 10 DdHeenslHE 4dndifEan D Phaving
receiving a request for explicit feedback for beanform ng (nodul e

1516), neansleagroncduaiing figlddbu soslatr fickd hapdige 17 khememsdar eeceiyig)a second

means for generatjng the. licit [fee d e

soundi ng f %ﬁ’ﬁbe Y’H’h&@? SXp%ggéf??dbgaﬁ% dﬁrg\éeng?a% g‘% g@ﬁ%%\@g’ ﬁogduzex gﬁ%gl peans for
f eedback i Riefigmpaating dnfbliatioadisesd o e expfitit Gctibdcke@tvaak (18 uhd means
1522). [0081]FI G, 16 shows a design_of a process 1600 for beanfqrmn
with explidpt serciehdckiearsd ﬁq@pegwah@ieﬁ@formnﬁ Resegnonhe slafgng pfqrgpton
frame (e.g. mof {11?’?%2 Oin FIG WD 2008/ 00297218PCT/ US2007/ 072224 4)
wth a reqLEestd or“explicit feedback (block 1612). The station may
send an NDRO(®i]g. , FNDP18 kHdwhawdesignadf d pastssolfd0t foabpamfpriing withbutmpkioit
data field (block 1614). The station may recegiye second frang wt
the expl i cifeedbagpeRDEetqup gb%%t tl%@ﬁéeqﬁgﬂ?ﬁrs’é%ﬁ?{e (Fﬁarﬁg‘%ngm hiflG.
(bl ock 1616, fhd Y i t 8L isR@of iv®8n dasede. N NDP
t he expli ciqp V}{%lggtggdtg%ﬁ% gﬁ%@% q)gjfg)l\gg%g ggﬁ Sggg%@%é%g’?géered frang g
(e.g., frard8}Reyingiat kaljemrftainig giclhlogdootuta fieldsbloskilfyh nflor saianomay
(block 1620).. [0082] The.stati o y _sen S, T as the firs
frane, recéi% asg)eé"i* F?@FFB%?W E%Sggcﬂ?s@leﬁ%ﬁﬁh l%‘fslgﬁggl% n?aﬁﬁfdseélgnadgtfe fred
NDP wi t hi n @l E%.t it 0b 2 NRitE hoakFdtilag DhRdSdmticoficdBl: Histehatioh Mblodk
frame with an RDG (e.g., frame 416) within a SIFS tine of the NDP and
may recei vel&lp second frane after the third frane. The station may

i ncl ude, i ither.the f.irst fr Lrd . .
announcememﬁ% at g‘?}e OfhiaY ﬁ‘eg I 8\?\{"{% gg@é]rebétifiaﬁn@ﬁg’&s@c%v%%sCiTgSnﬁ(a) ¢
an appar at ug.gl /dnd o12)baasdpensd RALWRTS fxpk) aidtsend the first frame after the CTS

frame. The station may include an RDG in the first frame, receive a second frame (e.g.,
frame 516) in response to the first frame, and receive the NDP after the second frame.
The second frame may include an announcement that an NDP will follow. The second

frame may also include an indication that another frame will follow, and the station may



f eedback and NDP soundi ng. Apparatus 1700 includes neans for sending
a first frame with a request for explicit feedback (nodule 1712),
means f owGEN8NIRg72an NDP havi ng at | east one traini ng fPEI/HSHOT 01324
data field (nodule 1714), nmeans for receiving a second frane with the
explicit feedback derived based on the NDP (nodule 1716), neans for
deriving steering infoimtion based on the explicit feedback (nodule

1718) , andyaRansivedf thSaAH Mg erﬂT%S heRk g0 (ABnhiRaREAFhORETONEr BamRdvill
on the steering I nformation E dule 1720). [0084]FIG 18 shows a

desi gn of #llpmocess 1800 for beanforming with inplicit feedback and

NDP soundi ' d I rst f f 514 in.,. .
FI G 5) i (sl - 316 09 sPapa e ehebek Hneisft oG Ebam oR ey ik
an NDP (e. fedbddoRnd NDP baMtidig. ahppLast 190®irkhabhieend foekehdatlt a fitst dahs
field (block 1814). The station nay derive steering information based

on t-he NDPwithlagedining ré&jucsin@nadale EHRY means deir iwacivingraa NP daying ah fgast one

202 ey BERTRCATIIG: BRRGE RRpl B AL S Il R TRLLGY kR fgflon
CTS frane (&ec8.on fiaMDB1@odule N1e5Ppned ieadshérREadinganestcant frend with
the first frame after the CIS frane. The statiaon magl I ncl ude an RDG
in the firbtantfpanag besdanthe stegdppimdornating (padye 1918) r ame 516) in
response t fi ARy : Y Neb S o :
frame. Theﬂ'sotesc?gnd I151?1{6irrieﬂr nay 5 %@Pﬂ@g%gr? r‘#"l%gncemaf?litt i)t 1@%&21?%%%9% img
fol | ow. Theithémpticit focdbakromy NIDB soumidigu de sation ndiycand o firdt iamedngt, Heme

f i i
2008/ 002075 1oPCHl hisaA009) 7B 33 TR HsEdpinek 201 B (Thasiaiog ey ggnd o firt

frame 520) Rdd ' . ;
A S22 N NDRA 1k B B TR b i bt o

Wi th inpliefter the first frame (block 2014). The station may receive a first steered frame (e.g.,
frame 620) with beamforming based on first steering information derived from the first
NDP (block 2016). The station may receive a second NDP (e.g., NDP 622) in response
to the training request (block 2018) and may derive second steering information based
on the second NDP (block 2020). The station may then send a second steered frame
(e.g., frame 626) with beamforming based on the second steering information (block
2022).

[0088] The station may send an RTS frame (e.g., frame 610), receive a CTS frame
(e.g., frame 612) in response to the RTS frame, and send the first frame after the CTS
frame. The first frame and/or the first steered frame may include an announcement that
an NDP will follow.

[0089] FIG. 21 shows a design of an apparatus 2100 for bidirectional beamforming
with implicit feedback and NDP sounding. Apparatus 2100 includes means for sending
a first frame with a training request (module 2112), means for sending a first NDP
having at least one training field but no data field cither before or after the first frame
(module 2114), means for receiving a first steered frame with beamforming based on
first steering information derived from the first NDP (module 2116), means for
receiving a second NDP in response to the training request (module 2118), means for
deriving second steering information based on the second NDP (module 2120), and
means for sending a second steered frame with beamforming based on the second

steering information (module 2122).



f eedback and NDP soundi ng. Apparatus 1900 includes neans for sending
a first frame with a training request (nodgle 1912), neans for

recei vi nGvQReOOBIDMYAAVI ng at | east one training field but PAEUHNEOTRZ d
(rmodul e 1914), means for deriving steering informati on based on the
NDP (nodul e 1916), and neans for sending a steered franme with

beanf orm ng based on the steering information (nodule 1918). ,
[0087] FI G [@@thom@ siesheRs f RsiPh 0&6‘&3@@&9 500 RirdédiBedtioandkith NDP
beanforming with inplicit feedback and NDP soundi ng. A station may
send a fi r seunidirgeA Statign mayrsane adirg foamslesg.i frame G0 146in G- H Ozortiramani hig

request (blo 2 The station.r end.a first N DP., ..

610 b ni G (2 En o eyt B R e R ol b PPy, B station
before or afaalsot 28d fah NGIDP f(€.2MNIIPL O bk 02 P haThie 23 lki Ot REMinkcRetd Y8t
a first steefed frame Sq . frarre.620) wi th beanform ng based on .
first steenpdataifieldibie 27 4beThe sation Bay rassiveiarsgeondrand (o kirame 920 in
The statio ecelyv . 0T :

the traini Elg&?%eloq%re%%nﬁf g‘? ggc%eggjzg%%gQ%a%@@&?%&%é%@%%ksﬁggﬁﬁ% StBtion
i nf or mat i omapaseteedivé heowrBgNtaiERviibh aely R0AMEr ad NDBHrhiaoNIMRAY022 in
then send a second steered. franme (e.dg. i beanf orm n@ 12

(e.g., fran§€626) WItP é)_

based on t KEOsHbend emsdiaving bath gamig ol daie dislds spepys fpmodgi el
station ma : ' ;

(g, ot atiSg 53 ), The st Rnds adhve | SRR hnic GREL U o Stk Ane
frame aft e(blotie 2CTH. f rEre stalibve rhay sherf parfernanclibratibhelefg.,r dériet emnedcity
frame may include an announcenent that an NDP will follow, 89] EI.G
h Shove. a ARG GRG B ts Sguel BHTBGEpa s GHaRcTh&sPHT HEk
with inpli ghﬁ%}f eedback and NDP soundi ng. Apparatus 2100 incl udes

means for sending a first frame with a training request (nodule
2112), neah®0%lbr SEmdfirsyframeimayt inkiDBe adtaimge atquesiaed aprpsnevemicnigthat an

field but ata_.fijeld, either before.or after,the first fra .

(rodu o 21 T8 SR gloS op FrraREriie Eush oy sieed Bird b G ¢ Hime 1018 in
beanf or m ngihased: ABmEIIL$E iS FEEI 1 7)Gvikinh Gafiid RRAuEE et INDM theny case,
first NDP (nodule 2116), neans for receiving a second NDP in response

to the traithd seyndiag fiasic masoergeat Mresonserivdhe tpiBinglsasst-ng second

steering i ti b the.se e : :

for sendi ngé@'zggcoﬁg;'s?%gg%‘ggfa r Q%@wgfﬁgt?gg%i glrglr;g qujg %gic é@ﬂrgﬁ&?ﬂgﬁ?ﬁ?ﬁ’
second st eghiuriing. nApparatus 280 tmdiutdes rnZchAR for seRMnY@ first frame with a request for
2008/ 002972PCT/.1JS2007/ 072224 [0090] FI G, 22 shows_a design of a .
process 2268plik fegdhackfar Falibrafiam(mgsule S3d7ai mgansAfog sending aphlPk Bidng at
first fra : J I f i :

wth a roquast ot el B nb Buly fo1y Koo T micah ok 59 £ tooond
The st at i offrarmywith e aihidit deedhbit (neodyle 2NER, hodB for ret@ivthe hsorindmgdrame

| ini ield b .d. fiel bl k.2214). .Th ati
oo contvEmadds BB, fhéhns Top Aeriving it Hsmath (iR PRsed 1 B S aBe f9ine
in FIG 125&6&1&1@ 2@@% EXP e fof gh@[@&%ﬁﬁg thleston238) on HRGhSRY EQMdT®YNnd

al so recei ve a sounding frame, ich may be either an NDP such as NDP
1022 i n FI Ge ¢plioit feedbachninddale 33¢2bot h trai ning and data fields such

as frame 1 in F bl ock, 2218). The st aj may ,deriye

channel estﬁ%e biz'; 'd%%ﬁﬁ?\ﬂ% as%qﬁ}g&i #ga P ?%qoggcﬁ Sfé%?.ééﬁh%e%db%k for
station maygthiefloenl Gt alaly RESEION réducst for AW HQIVAEIE Fq @dibta¥ion, e.g., in
correction vectors) based on the channel estimate and the explicit

f eedback ( Brasesk! P2ap)FIG ddd1gmmé! ¥ wsHIG: ddner Fape 1A wdd G 12r(Blogk Ad12).
request an C £ hat . il L f t i ,
the ot at | oy SEaBC AR el P Eas BT protle b g, Nyt €l B0 KR 1110
frame 1216 ih FIG) G, kDK 124 an FIGI 12 elociequbbt Eifet watidnheaNREherdta tinSI

case, the sounding frame may be sent in response to the traini

request. [ GoBPRE &Seéyns%v%“%%%&a&}? a)ﬁo‘%ng‘ﬁﬁS&PétW %@d’ﬂ? wgfeedba‘:k
with no grouping of subcarriers and full precision (block 2418).
[0094] The station may send the CSI feedback in a management frame having a

grouping field and a coefficient size field, as shown in FIG. 13. The station may set the



soundi ng. Apparatus 2300 includes neans for sending a first frane
with a request for explicit feedback for ealibration (nodule 2312),
means f ow@zwdoeg7zan NDP havi ng at | east one traini ng fPENVHSHWIT/ R4
data field (nodule 2314), nmeans for receiving a second frane with the
explicit feedback (nodul e 2316), nmeans for receiving a sounding frane
(rmodul e 2318), neans for deriving a channel estimate based on the

sounding f saRpibmagul P Rkicaith FRABRE! OF SRRARINTING 0B} LAY /ot the

based on t nnel estimate and explicit feedback (‘nmodul e
2322) . [Ooesifitiant de skebivp 3 tdeisidigateof tatsp™Nices® f10Dilf precisiendifnige CSH

f eedback for calibratiqn. station may.receive a.reguest for [
feedback. 1 Bedfi Db ?gﬂ,fe@ba‘?lf el odMEise 56 b ik A B8 o R ety ot
in FIG 1lgRbmftan®bhadOnadintidsten. 12 (bl ock 2412). The station may

al so receive a sounding frame, e.g., NDP 1016 in FIG 10, frane 1110

in FIG 11[0095] NDFIGR 125 shows| Gdesign (of|copiecess 12600 fppserding (o faedpack for
he..CSI feedback |
generate t ﬁzgl Cﬁgﬂl&&ﬂﬁ%@%?@ﬁg ?&C?\Edeg rﬁ?eaﬁglf&ﬂfeé&g{r&i%ﬁe@%@&!t%#C%ﬂ% back

and may se O groupin Friers an

full preci sironlibklios KmdddR)25125)09ddnEer séoatvitna meyndisgn dratlee(nfddule 2514),
feedback in a managenent frane havi rllcgq adgr Ol.i]lpi ng field a?d
coef fi ci entneanstor penarginghe ERbTsIParkmassd arpthe paanding ipmgp Iﬁa@ﬂ%éél@h@ld

. £ Diiaed o . P
and may el Epe o sdydifl ML SRR BRI BRHRS B BlneTROLEES hNT plisision
8) for ful (mphdelSi®Nn of the CSI feedback. The CSI feedback may

i Csl trix f it f b i bl
For transmi@fbn. Thsoasfere BE S Hona el Geds 57 250 22 Brbceos Eooacrors
sendi ng CSLiteaaback it aldRhat HQReesAPREGAIUS %gglgohé?ﬁﬂ,uﬂ%zcailmé‘i@&its,

for receiving a request for CSI feedback for calibration (nodule
2512), neanenfopicsreeednanygoabamtingthegedr ane (nodul e 2514), neans for

eneratin CSl_f K b d, on..t he soundi.ng, fr nmd
9516) - and(hs 1RO AR AT yEE RS e&Mkd BB B ABTEP Ll Hir S 6
subcarri er goant ahalib. PTES bdce&idd B¢ Wlaiod B8 cohPRARhIRAE taTBdub@Sedsihg by
FIGS. 15, 17, 19, 21, 23 and 25 may conprise processors, electronics

devi ces, hatatiomreadleonpy be dessribed by Bisesolcgrseneamplempgryctal 1645y ddithrgugh

descri be' ¢ Re- rocuudiinf BY el B PP RIGR 3 W Sy o RIS as
The processhdign bithedeidudes. B i s conpl enentary to the processing by

station A and nay be described by a set of figures conpl ement&y toh
FIGS. 14 t 0M8hh" 2BIGTHe shavsc & ddgokgdingrany af ¢ SRaeA of iptigns 4 PGS, egch f

and 9 My s Bﬁ@@%&;&*@&aﬁm Wb hdddgs 420 OISy, SRAABI Squiphed

shows a bl ock dilagramo esign stattl ons A and B, eac ch
may be accedgth poitipte @) Anennar®62dh tiebagh 2634t 120 may b Bed Tor Sttatrimsmigsion

is equipped with nultiple (T) antennas 2624a.through 26 t hat
be used foRndsraPtomnSIHiG Bolt ShkrorRcapt oI SIELHEmEs Leo i s aesar
i thmul U Rl el PRIA:ARAZAIG AN RRBRS. that may be used for

data transm ssi on and reception. ]
[0999] At station A, a transmit (TX) data processor 2614 may receive traffic data

from a data source 2612 and/or other data from a controller/processor 2630. TX data
processor 2614 may process (e.g., format, encode, interleave, and symbol map) the
received data and generate data symbols, which are modulation symbols for data. A TX
spatial processor 2620 may multiplex the data symbols with training symbols, perform
transmit spatial processing with steering matrices, and provide T streams of output
symbols to T modulators (MOD) 2622a through 2622t. Training symbols are also
commonly referred to as pilot symbols. Each modulator 2622 may process its output
symbol stream (e.g., for OFDM) to generate an output chip stream. Each modulator

2622 may further condition (e.g., convert to analog, amplify, filter, and upconvert) its



[ 0099] At station A, a transmt (TX) data processor 2614 may receive
traffic data froma data source 2612 and/ gk other data froma

cont r ol | a¥0Q proswexdsbr 2630. TX data processor 2614 nmay pPOEESHI07/872324
format, encode, interleave, and synbol nap) the received data and
generate data synbols, which are nodul ati on synbols for data. A TX
spatial processor 2620 may nultiplex the data synbols with training
symbol s, PEAGA! Thig 3aeith oS RaldrAl RIAGEASLAGiMAN It SRIANEATBIHESHom
and provide streans of output synmbols to T nodul ators (MOD) 2622a

t hr ough 268®Rkliulafrai26ldy tepoglo 26224 may lso trevwmitied ronefastanaes £6244s through
pilot synb 54 Each .mgdul at or 2622 may process its output synbol

st ream (e.g., tfISPPSEEIRY- t o generate an output chip stream Each

nodul at or P§pddoeyAf sEfihe s, ROAHEAI8R66Ra GhrouP DEEI i mi réd8kaBe modulated
anplify, frlter, and upconvert) its output chip streamto _generate a
nodul at ed siggalalfronT staiwnl At end seghantsnta A InseAyl PrOBIdS 2 6gEi cdhygiAgHo 2

B PR A IR SROE B2 A AL A, gy e

may recei verdbginpesthplb@eni@horathg fro@esisg akifornd bynthdakedrs 2622 ne1abtain
2652 may provide a received si %nal to a respective denodul at or,

( DEMOD) ~ 265e¢1vEd shmbelso dureseise (BE% apatia) Piogriser M99 Beepeiorg: spatial matched
comp! emen! &iih® hePBGFEPDABBR" A RE dhoHRAIALB5S: ARESull A654r and
obtain recéived® synpol s. recerve (r ) spatial processor 0 may

per f or m spativade dmi shaboif dstimatesnghioh ardiestinetes ofetle slytayhbolsrtoansalitted by

denodul at ors ,2654a t hrough 2654r an ovi de. data synbol esti es,
which are é@flplﬁﬁ%-esABfRXh@t%ﬂ%FeM @?Eéﬁgﬁﬁ?ft @ng 8gtf%tt ?Y&ﬁ%i.d%mﬂ
RX data prQegasRhve 848 d@@éﬁe?]g{etcﬂ%rsy%%q;@ﬁﬁm(t@s_ £hd proViIRAkcsiRARRIA to a data

dei nterl eave, and decode) t data“synbol estimates and provide
decoded datmkt?¢72 addivaa somttolRGFDcassdy 2980a control | er/ processor 2680.

[00101] A | pracessor 2678 process training s ols .

recei ved f&@@%f at ‘igo%laﬂnélnaroﬁa?%gg?%d?@' PRER %ﬁn&rhggﬁ%%lgaf ergf)%ﬁ%de from
Processor 2ffign "RYaflf ¢IPeSifnde Cia N OTRhhinel fre§poRseh BiobeRs 2678 ahay
each group of subcarriers of interest, e.g., as_shown in equatiagn

(1), to obtdatampose erohewed ity oy cach BILEMBIGE ABeach IOy Geabersricrs OF gntengst,
generate feedback.information f t.he channel i I . .
(non- conpr §&ed® oV ¥8nfit eegg%%c)n g{e)anﬁo oPl?ﬁa%lg grrﬁ?ljrir‘i%%éfg.ﬁg rlgec{'i1 gltsfé%#m% 4
may provi derddeesoreeudank sendratefeddback inforaaribi ddd tee Cpmaclaasates2G8he (ron-
send back to station A Processor 2678 may al so_derive_a _spatial .
filter matcPRPFaspedeRic POTBRISESER} PeAMIBFMBECRAGCE I p PHICCEnRFS Mayspigyide the

i nterest b%ée%%aa@m;%%%gg ;&é&&mggggmmep%gdﬁtsﬁ;Pmo%atfaﬁ%f Pl B fr

matri x. ProCessor provi the spati er matrices to RX
spati al pr@6@8soiy 2660d4rdre s pahiial filat mheck forl tashi mcarfi@ﬂbﬁk}icﬂ'@oup of

rocessing for transm ssion fromstation B.to statjon A e the .
e s of SHPGFRSTAE HFGM L PR et CUTRBORKHS pite) et Seabepiming
station At tﬁ%.at}"r%gﬁ g-ézgﬁa;ycprgﬁﬁétﬂe; A i@l@érafnagcﬂb'fs% 29 8Bata §fRssor

ot her data (e. nformation) "from controller/processor
2680 may be6ph bwepsea nfackgd filenopded, interleaved, and nodul ated) by

a TX data cessor, 2688, and. further .nultiplexe i t.h.traini
synbol s anﬁf)@]ﬁ) i aipﬁpﬁp%g@é’ﬂHﬂﬁ?snﬁ*%l%%??laﬁt&ﬁpg%.ﬁgssst%gonz‘géﬁay\%%ttrl'}e same
steering makrdrCRferehh BroRb HRUSro8345AB! for HicOrsthiSiia fdin RENGLISHY stdhGIDB.
may be further processed by nodul ators 2654a through 2654r to

generate R “ﬁfﬁ@' dateefiomi aghedd SOUrGHICSR andfpr Bﬂl/ef datadoris fasdbagkanfmatiedrom
2652 26521 23 008/.0 U 0;
Ton a PR Aol 20 A e Fie e Rt S i Hagliica)

station A, fr om e recéil ve

antennas 2634a TXr@ighhrdeddr 2638, phochasad nwtiglendduitat waising6@3@abols and
t hrough 2622t to obtain received synbols. An RX spatial pr .ocersra_glr
2640 may pepiidlln Rigsesed birah’t iRl Precesson gogh witesiearls Palicss nijf Lutput

symbols from TX spatial processor 2690 may be further processed by modulators 2654a

through 2654r to generate R modulated signals, which may be transmitted via antennas

2652a through 2652r.



[ 00107] For a filinware and/or software inplenentation, the

techni ques may be inplenented with nodul esy(e.g., procedures,

functi ondyoees/op29hat performthe functions descri bed hBEEUS200THER224
firmvare ancUor software instructions may be stored in a nenory 24
WO 2008/ 002972PCT/ US2007/ 072224 (e.g., nmenory 2632 or 2682 in FIG
26) and executed by a processor (e.g., processor 2630 or 2680). The

menory may (@A 8P| £MeRLET AM Bi Rod1feP RERES BbmOLtafdd & Rl 6O rdddRed by
processor. The firmvare and/or software 1nsti-uctions nay al so be

stored in etthenasitGde dwongh 26t lahé prediagrhbyudsmasislatern doPRathceugh 2622t to
menory (RAM), . read- onl nmor . .non-vol atil.e random access
Teory i R s Ah & B ki) ket T Pa R R ngrched
erasabl e PR{Mi{EBEREMrecdASE ABIIP akd {ﬁ@ﬂ@@%’t&déﬁﬂg(ﬂ Ehimat®BINLH i X Qfata
optical data storagf device, etc. [00108] The previous description of

t he di scl ogtacessos 24wy derthes peorghd Biedatp yabobpstisnates, pepvige dasedet daty &

k he dj sgl . Vari Lficati '
Wit be r okt Blsaean e poV s B TprHhf RHARR breoh ARG R a0
princi pl es pagkcbsdedciemel dedieystbeingnpdtios Hageddhde fvabhel infimatibi.hout

departing fromthe spirit or scope of the disclosure. Thus, the
di scl osur e [§040dbt A neheppeldpiogesser PO ey PEPCEHe it SEabelh deerdidy fom

described BEGEN DM iyt OuhEu@SEO AT Al GRinoRCOPEPRBUSES DERS may

with the principles and”nov atures disclos erein.
CLAI MED | Sdecdupilsd/B channel niktrixAforapglasdicarsice onpachsirogp of subcarriats dfaatstest

one processor configured tQ receiye a training request, to send :
first sound? Ryt an%rﬁ%mr&%ﬁgaén BRI i ﬁfgce%@a@ézﬁ,m% Pacdive =

a request fs%{tia?xfmércfn‘étrfxe?&b@% §@cal RS0 LN GrodpOof QGBLSerd SETRNEst.
sounding frane, to generate the explicit feedback based on the second

soundi ng f PasessoaRd28 magemalvitlh theespplidl dilter regnidea dk R¥hspatishomsessoo2 tifidor

request for explici dback; and a nmenpry coupled tg.the at | east .
one pr oceséBart%aP mamﬁ‘?df?%&‘fgﬂg_g APy L BIOS} ep%l}éﬁ ﬁﬁ%neaﬁ‘éq%éfﬁ fh ea?l?omng
| east one M@ﬁ&%%@&oﬂtﬁ)i&gg%icgéébﬁ%m& peebaR té setieeped frame sent

ac

based on the explicit fee . ) )
[00105] Controllers/processors 2630 and 2680 may control the operation at stations

A and B, respectively. Memories 2632 and 2682 may store data and program codes for
stations A and B, respectively. Processors 2628, 2630, 2678, 2680 and/or other
processors may perform the processes and functions described herein, e.g., process 1400
in FIG. 14, process 1600 in FIG. 16, process 1800 in FIG. 18, process 2000 m FIG. 20,
process 2200 in FIG. 22, process 2400 in FIG. 24, etc.

[00106] The techniques described herein may be implemented by various means. For
example, these techniques may be implemented in hardware, firmware, software, or a
combination thereof. For a hardware implementation, the processing units used to
perform the techniques may be implemented within one or more application specific
integrated circuits (ASICs), digital signal processors (DSPs), digital signal processing
devices (DSPDs), programmable logic devices (PLDs), field programmable gate arrays
(FPGAs), processors, controllers, micro-controllers, microprocessors, electronic
devices, other electronic units designed to perform the functions described herein, a
computer, or a combination thereof,

[00107] For a firmware and/or software implementation, the techniques may be
implemented with modules (e.g., procedures, functions, etc.) that perform the functions

described herein. The firmware and/or software instructions may be stored in a memory



3. The apparatus of claiml, wherein the at |east one processor is
configured to receive a steered frame senpybased on inplicit feedback
derived WoORGBH62971 r st soundi ng frane. 4. The appBfBUGNGPT2224
claim1l1, wherein the at |east one processor is configured to receive
explicit feedback derived based on the first sounding franme, to
derive steering information based on the received explicit feedback,
and to Sengg Heff® %iz ame@p%#x@nzé)hﬁld%x%@&tbmy NHREERE! @k, processor
5. The app tus o c aim 1, wherein the at | east one processor is
confi gur ed263) oze%@())e Thetthémarysmey e mgpl‘enmd wmhldéher p@cssseem giernal to

|nformat|o based on e.third s n St

frame base &{O?%éofstt%%fﬁawﬁﬁ?f%@ff’d grg/are mnchué’ns g? S'Eoﬂ%dag]f Sfer
claiml, wBgJceisBrtdagatlt &rﬁ:tdnﬁﬁlgu@%qaﬂd&@umg@&eﬁfomcmmwms@ory
training and data fields 7. The apparatus of claim 1, wherein

the first GRAMecondokdilndrmdpnt rasfess wamnne G SYRAM) a pragrammabls madioaty

( NDP) haV| at I t

6. The apparaits EFOMEPRetAnERgtt PROVIEPROVE ELasT oy sqpoect
frames eaclfhs@@@py irBgpnatif ma@jmcaadfatmgtotdgaidemg etnd data fields or a

Nul I Dat a Packet (NDP) having at |east one training fi Id b iqno dat a
field. 108] Tﬂ@ Eﬁﬂ&ﬂ%ﬂ%“@ﬂ% Phfhe dIsclofves B wotiHed gy person
f eedback Cgﬁﬂéé g'l PtatB ri'ﬁ"zlke%rq]gg tﬂencLQJl fd 0Pl Se r}loﬂﬁtcitio(fl@go the disclosure
non- conpr esse ormn | ces, Or conpresse

beanf or m ngvifi dedbatily atmiafan@&sihose skﬂled 10 .thel h1e apbﬁneageusrmprmd:i@]emdkﬁned

wherein the first §nd second ﬁoundln fra ri se P S|cal

Conver genc8STBHOREE GF 2pPPHIEHP Sihe e %%ngi’,e}ﬁl@g?r‘?lpg’ e SppEegE Xpe of
802. 11. e disdidsurd® TRELGH: ARBRER! 5ot fn%&@wwge%hfe@teltﬂg ek BRAYES biid
sending a first sounding frane I n response to the training request ;
recei vi ng demg@ué@mb@ﬂ hmm bt 18 ﬁ)eh&jbmkdddoﬂleb\edmtcﬂcnpmgonﬂiﬁﬁélWlﬂmghe
a second soundi er t|n t.he .explicit feedback based on

t he secondp%ﬂﬁl}gﬁﬁ ’F‘P% %‘Eﬁ%i % dly™he explicit feedback in
response to the request for expli Clt f eedback. 12. The met hod

of claim1l1l, further conpri sing:
WHAT IS CLAIMED 1S:



receiving a steered frane sent based on either the explicit feedback
or inplicit feedback derived fromthe first sounding frane.

13. The nmethod of claim 11, further conprysing: receiving explicit

f eedback derioem:drased on the first soundi"ng frame; derdwisigr7giveesi ng
i nformation based on the received explicit feedback; and sending a
steered frame based on the steering information. 14. The

met hod of claim 11, further conprising: receiving a third soundi ng
frame; deriving steering infornatioqjggggﬁgon the third soundi ng
frame; and sending a steered frame based on the steering information.
27 15. An apparatus conprising: neans for receiving a training
request; neans for sendin%_a first .sounding frame in response to the
training request: nmedN<EPPEAUSSYBPYING a request for explicit feedback

for beanf orm ng;st n@aNSnd PocdsGHeioniipged 16 aLoiRE aseiniidi NG EsaTEseniRAfiSt

for generating the explicit feedback based on the second sounding . .

frame; and sounding frame in response to the training request, to reccive a request for explicit
feedback for beamforming, to receive a second sounding frame, to generate the explicit
feedback based on the second sounding frame, and to send the explicit feedback in
response to the request for explicit feedback; and

a memory coupled to the at least one processor.

2. The apparatus of claim 1, wherein the at least one processor is

configured to receive a steered frame sent based on the explicit feedback.

3. The apparatus of claim [, wherein the at least one processor is
configured to receive a steered frame sent based on implicit feedback derived from the

first sounding frame.

4, The apparatus of claim [, wherein the at least one processor is
configured to receive explicit feedback derived based on the first sounding frame, to
derive steering information based on the received explicit feedback, and to send a

steered frame based on the steering information.

5. The apparatus of claim 1, wherein the at least one processer is
configured to receive a third sounding frame, to derive steering information based on

the third sounding frame, and to send a steered frame based on the steering information.

6. The apparatus of claim [, wherein the first and second sounding frames

each comprise training and data fields.

7. The apparatus of claim 1, wherein the first and second sounding frames
cach comprisc a Null Data Packet (NDP) having at least onc training field but no data
field.



means for sending the explicit feedback in response to the request
for explicit feedback. 16. The apparatus of claim 15, fiarther
conpri si ng: nmeans for receiving a eered franme sent based on
ei t her thwoexef/doet’e f eedback or inplicit feedback deriREAUFPEHI2RE
first sounding franme. 17. The apparatus of claim 15, further
conprising: neans for receiving explicit feedback derived based on
the first sounding frame; neans for deriving steering information
based on the reei vedhexppdratid of deietbhokherdnhenfianandf @romiendndigg &ames

steered frane based on _the steering information. 18, The appar of
claim 15, Pk ﬁ%mpla%m_ﬁagxed&vmﬁémg% ghd P@eéﬂﬁlrﬂj il i
frame; meangyf@ra: #e¢iokt RGinflERId 1\d nbQh@FRRAL | on based on the third
soundi ng frane;” and nmeans for sending a steered frane based on the

steering infornation. 19. A processor-readabl e medium
including instructi oRgeSLALGH S HEEERN. 1, LR iR ShE UKhEQN TeRBIBR! bShftSes
instructions for receivi a training request; instructions for

sendi ng a féhastel statndinfrgmitianéCsl mesipesn swnteomprrssadr heamipgning (isedhrek
instructions f.or receivin r t I icit feedback for

beanf orm ngrflatl“ﬁ%st PEuCcotnllpS%S%gjf%ra mf(gngﬁ%ﬁe%\%ag?ég%gngd soundi ng frane;
instructions for generating the explicit feedback based on the second
sounding frame, l%r.]d The apparatus of claim 1, wherein the first and sccond sounding framcs
comprise Physical Layer Convergence Protocol (PLCP) protocol data units (PPDUs) in

IEEE 802.11.

11. A method comprising:

receiving a training request;

sending a first sounding frame in response to the training request;
receiving a request for explicit feedback for beamforming;

receiving a second sounding frame;

generating the explicit feedback based on the second sounding frame; and

sending the explicit feedback in response to the request for explicit feedback.

12, The method of claim 11, further comprising:
receiving a steered frame sent based on either the explicit feedback or implicit

feedback derived from the first sounding frame.

13, The method of claim 11, further comprising:
receiving explicit feedback derived based on the first sounding frame;
deriving steering information based on the received explicit feedback; and

sending a steered frame based on the steering information.

14.  The method of claim 11, further comprising:
receiving a third sounding frame;
deriving steering information based on the third sounding frame; and

sending a steered frame based on the steering information.



28 instructions for sending the explicit feedback in response
to the request for explicit feedback. 27 20. The processor-readable
medi um of claim 19, further conprising: instructions for receiving a
steered frame sent based on either the explicit feedback or inplicit
f eedback derived fromthe first sounding frame. 21. The

processor-readapd e ngghpﬁhggsg#ﬁkﬁﬁgg, fin-ther conprising:
g icit

instructions for recelv exp eedback derived based on the
first soundi ng fmeamdpr receivingi ansdinimgtreéqiest; f or deri vi ng steering
informati on based on. the received eﬁ.licit.feedback; and .instructions
for sending a sPE&EFEd! ?91“31?5 %éﬁteﬁ’uB ' B hamE B &SPRESS Ry tr"F_HPﬁ_“S Aequests
The processor - r gagabberaedidm 1%&11%‘[ B rék%-l%it fﬁa?ﬁﬂa@@ ForGRERIFd rBifg -

i nstructions for receiving a third sounding frane; instructions for
derivi ng st eer i mgansfboregeivingn sagmbiscondinpdrantsi r d soundi ng frane; and

: Efs E;,r— lr:,;: : 828 f Ozrnegn%qg{' lee?atlsntgecﬁc-rz %gplfcrit %eedb%gks gcgseg rclantt 5 sesétogg EéLHl%ing frame;
and

means for sending the explicit feedback in response to the request for explieit

feedback.

16.  The apparatus of claim 15, further comprising:
means for receiving a steered frame sent based on either the explicit feedback or

implicit feedback derived from the first sounding frame.

17. The apparatus of claim 15, further comprising:

means for receiving explicit feedback derived based on the first sounding frame;

means for deriving steering information based on the received explicit feedback;
and

means for sending a steered frame based on the steering information.

18.  The apparatus of claim 15, further comprising:
means for receiving a third sounding frame;
means for deriving steering information based on the third sounding frame; and

means for sending a steered frame based on the steering information.

19. A processor-readable medium including instructions stored thereon, the
instructions comprising:

instructions for receiving a training request;

instructions for sending a first sounding frame in response to the training
request;

instructions for receiving a request for explicit feedback for beamforming;

instructions for receiving a second sounding frame;

instructions for generating the explicit feedback based on the second sounding

frame; and
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instructions for sending the explicit feedback in response to the request for

explicit feedback.

20.  The processor-readable medium of claim 19, further comprising:
instructions for receiving a steered frame sent based on either the explicit

feedback or implicit feedback derived from the first sounding frame.

21.  The processor-readable medium of claim 19, further comprising:

instructions for receiving explicit feedback derived based on the first sounding
frame;

instructions for deriving steering information based on the received explicit
feedback; and

instructions for sending a steered frame based on the steering information.

22, The processor-readable medium of claim 19, further comprising:
instructions for receiving a third sounding frame;
instructions for deriving steering information based on the third sounding frame;

and

instructions for sending a steered frame based on the steering information.



