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FOR  PROVIDING BEAMFORMING FEEDBACK  IN WIRELESS
COMMUNICATION SYSTEMS [0001] The present application
claims priority to provisional U.S. Application Serial
No. 60/816,988, entitled "METHOD AND SYSTEM FOR
PROVIDING  BEAMFORMING FEEDBACK IN WIRELESS
COMMUNICATION SYSTEMS,"  filed June 27, 2006, assigned
to the assignee hereof and incorporated herein by
reference. BACKGROUND  1. Field [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 (MIMO) 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 WO 2008/002972 2
PCT/US2007/072224  receiver. It is desirable to
support beamforming with as low complexity as possible
for  



both the transmitter and receiver. SUMMARY  [0005]
Techniques to support beamforming for stations in a
wireless  communication network are described herein.
In one aspect, a station may support  beamforming with
implicit feedback or explicit feedback by having
capabilities to  transmit and receive sounding frames,
respond to training request by sending a sounding
frame, and respond to request for explicit feedback.
Implicit feedback and explicit  feedback are two ways
of obtaining information on a MIMO channel and are
described  below. The station would be able to perform
implicit or explicit beamforming with  another station
having the same capabilities. [0006] In another
aspect, a station may perform beamforming with
explicit feedback  and Null Data Packet (NDP)
sounding. The station may send a first frame with a
request for explicit feedback and may also send an NDP
having at least one training  field but no data field.
The station may receive a second frame with the
explicit  feedback, which may be derived based on the
NDP. The station may derive steering  information
(e.g., steering matrices) based on the explicit
feedback and may then send a  steered frame with
beamforming based on the steering information. [0007]
In yet 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.
WO 2008/002972 3 PCT/US2007/072224  



[0009] The station may also perform beamforming with
MPDU sounding, which  uses frames having both training
and data fields. Such a frame may carrying a Medium
Access Control (MAC) protocol data unit (MPDU).
Various aspects and features of the  disclosure are
described in further detail below. BRIEF DESCRIPTION
OF THE DRAWINGS  [0010] FIG. 1 shows a wireless
communication network. [0011] FIGS. 2A, 2B and 3C show
three PPDU formats in IEEE 802.1 In.  [0012] FIG. 3
shows a MAC frame format in IEEE 802.1 In. [0013] FIG.
4 shows unidirectional explicit beamforming with NDP
sounding.  [0014] FIG. 5 shows unidirectional 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 area networks (WMANs), wireless
wide area networks  (WWANs), etc. The terms "networks"
and "systems" are often used interchangeably. 



WO 2008/002972 4 PCT/US2007/072224 A WLAN may
implement any of the radio technologies in the IEEE
802.11 family of  standards, Hiperlan, etc. A WMAN may
implement IEEE 802.16, etc. A WWAN may  be a cellular
network such as a Code Division Multiple Access (CDMA)
network, a  Time Division Multiple Access (TDMA)
network, a Frequency Division Multiple  Access (FDMA)
network, an Orthogonal FDMA (OFDMA) network, a
Single-Carrier  FDMA (SC-FDMA) network, etc. For
clarity, certain aspects of the techniques are
described below for a WLAN that implements IEEE 802.1
In. [0031] IEEE 802.1 In 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
remaining subcarriers are not used. For 40 MHz
operation in IEEE  802.1 In, 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.llnTM/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 IEEE
P802.11nTM/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 include 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 wireless 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 WO
2008/002972 5 PCT/US2007/072224  access point may also
be called, and may contain some or all of the
functionality of, a  base station, a base transceiver
station (BTS), a Node B, etc. Stations 120 may
communicate with access point 110 and/or with one
another via peer-to-peer  communication. Access point
110 may couple to a data network 130 and may
communicate with other devices via the data network.
Data network 130 may be the  Internet, an intranet,
and/or any other wired or unwired network. [0033] The
techniques described herein may be used for MIMO
transmission on the  downlink, the uplink, and
peer-to-peer. For the downlink, access point 110 may
be a  transmitter, and stations 120 may be receivers.
For the uplink, stations 120 may be  transmitters, and
access point 110 may be a receiver. For peer-to-peer,
one of stations  120 may be a transmitter, and another
one of stations 120 may be a receiver. [0034] A MIMO
channel formed by multiple (T) transmit antennas at a
transmitter  and multiple (R) receive antennas at a
receiver may be characterized by an R x T  channel
matrix Hk for each subcarrier k or each group of
subcarriers of interest.  Channel matrix Hk may be
diagonalized by performing eigenvalue decomposition of
a  correlation matrix of Hk , as follows: Rk = HkH Hk
= V k Ak VH k , Eq (1)  where Rk is a T x T
correlation matrix of Hk , Vk is a T x T unitary
matrix whose columns are eigenvectors of Rk ,  Ak is a
T x T diagonal matrix of eigenvalues of Rk , and H"
denotes a conjugate transpose. [0035] Unitary matrix
_V k is characterized by the property V H Y k = I ,
where I is  the identity matrix. The columns of a
unitary matrix are orthogonal to one another, and
each column has unit power. Vk is also referred to as
a beamforming matrix. Diagonal  matrix Ak contains
possible non-zero values along the diagonal and zeros
elsewhere.  The diagonal elements of Ak are
eigenvalues representing the power gains of the  



eigenmodes of Rk . [0036] The transmitter (or
beamformer) may perform transmit spatial processing
for  beamforming to the receiver (or beamformee), as
follows: WO 2008/002972 6 PCT/US2007/072224 Zk - Qk Xk
Eq (2) where xk is a vector with up to T data symbols
to be sent on subcarrier k, Qk is a steering matrix
for subcarrier k, which may be derived based on Yk ,
and  zk is a vector with T output symbols for the T
transmit antennas on subcarrier k.  [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 transmitter 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 802.1 In is
described below. [0039] In IEEE 802.1 In, 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
802.1 in, 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 802.1 In. 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 field (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 simultaneously.
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 (ii) a Not  Sounding
field that indicates whether or not the HT-PPDU is a
sounding PPDU. A WO 2008/002972 7 PCT/US2007/072224
sounding PPDU is a PPDU carrying known training
symbols that may be used for  channel estimation. The
Data field carries the payload of the HT-PPDU, which
may be  one or more MPDUs, and has a variable length
indicated by the Length field. [0041] FIG. 2B shows a
structure of an HT-PPDU 220 with an HT greenfield
format in IEEE 802.1 In. HT-PPDU 220 includes a
greenfield preamble followed by a  Data field. The
greenfield preamble includes an HT greenfield short
training field (HT- GF-STF), an HT long training field
(HT-LTF1), an HT-SIG field, and one or more HT- LTFs.
[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 IEEE
802.1 In. 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  802.1 in.
The PPDU formats supported by IEEE 802.11n are
described in the  aforementioned IEEE 802.1 In
documents. [0045] FIG. 3 shows a structure of a MAC
frame 300 in IEEE 802.1 in. 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 training
request  (TRQ) field and an MCS request or Antenna
Selection Indication (MAI) field. The  MAI 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  802.1 In documents. WO
2008/002972 8 PCT/US2007/072224  Table 1 MAC field
Description TRQ 0 = responder is not requested to send
a sounding PPDU,  1 = responder is requested to send a
sounding PPDU.  MRQ 0 = no MCS feedback is requested,
1 = MCS feedback is requested.  0 = no feedback
required, CSI/ 1 = request for CSI feedback, Steering
2 = request for non-compressed beamforming feedback
matrix,  3 = request for compressed beamforming
feedback matrix.  NDP 0 = no NDP will follow,
Announcement 1 = NDP will follow. 0 = PPDU carrying
MAC frame is the last transmission, RDG/ 1 = PPDU
carrying MAC frame is followed by another PPDU,  More
PPDU 0 = no reverse direction grant being sent, 1 =
reverse direction grant is present. [0046] Table 2
lists two sounding types and provides a short
description for each  sounding type. An NDP carries no
MAC frame and thus no HT Control field. Hence,  there
may be certain restrictions on the use of the NDP as
well as the manner in which  the NDP may be sent.
Table 2 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  802.1 In and provides a short
description for each feedback type. Table 3 Feedback
Type Description  Implicit Beamformee transmits a
sounding PPDU. feedback Beamformer derives a MIMO
channel estimate from the sounding  PPDU and computes
steering matrices based on the MIMO channel WO
2008/002972 9 PCT/US2007/072224  estimate. Beamformer
transmits a sounding PPDU. Explicit Beamformee derives
a MIMO channel estimate from the sounding  feedback
PPDU and sends feedback to beamformer. Beamformer
computes steering matrices based on the feedback.
[0048] Implicit feedback may be used in a time
division duplexing (TDD) network  in which
transmissions between stations are sent on one
frequency channel in a time- shared manner. In this
case, the channel response for one link may be assumed
to be  reciprocal of the channel response for the
other link. Explicit feedback may be used for  both
TDD and frequency division duplexing (FDD) networks.
[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  interoperability
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
station 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 set 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 WO 2008/002972 10
PCT/US2007/072224  request, and probe response frames.
In another design, a beamformer may support
transmission of NDP sounding and reception of
staggered sounding, and a beamformee  may support
reception of NDP sounding and transmission of
staggered sounding. In  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 (NsTS).
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.
WO 2008/002972 11 PCT/US2007/072224  [0054] Station A
may 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 steering 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. WO 2008/002972 12 PCT/US2007/072224  [0058]
FIG. 6 shows an example frame exchange for
bidirectional implicit  beamforming with NDP sounding.
Station A may transmit an unsteered RTS frame  610,
and station B may return an unsteered CTS frame 612.
Station A may then  transmit an unsteered frame 614,
an NDP 616, and an unsteered frame 618. Frame 614  may
have the MRQ field set to 1 to request for MCS. Frame
618 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
estimate the MIMO channel response based on  NDP 616
and derive steering matrices based on the MIMO channel
estimate. Station B  may then transmit a steered frame
620, an NDP 622, and a steered frame 624 using the
steering matrices for beamforming. Frame 620 may
respond to the RDG and may have  the More PPDU field
set to 1 to indicate that another frame will follow.
Frame 624 may  have the TRQ field set to 1 to request
training and the More PPDU field set to 0 to  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 1 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 example 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 WO 2008/002972 13
PCT/US2007/072224  feedback types listed in Table 1.
Station B may estimate the MIMO channel response
based on the sounding PPDU and may generate explicit
feedback of the type requested  by station A. Station
B may then transmit an unsteered CTS frame 712, which
may  carry the explicit feedback. Station A may derive
steering matrices based on the  explicit feedback
received from station B and may transmit a steered
data frame 714  using the steering matrices for
beamforming. Frame 714 may be sent in a sounding  PPDU
and may include a feedback request for updated
feedback. Station B may  estimate the MIMO channel
response based on the sounding PPDU and may generate
explicit feedback of the type requested by station A.
Station B may then transmit an  unsteered frame 716
carrying the explicit feedback and a block
acknowledgement (BA)  for the data sent in frame 714. 



[0063] FIG. 8 shows an example frame exchange for
unidirectional implicit  beamforming with MPDU
sounding. Station A may transmit an unsteered RTS
frame  810, which may have the TRQ field set to 1 to
indicate a training request. Station B  may then
transmit an unsteered CTS frame 812 in a sounding
PPDU. Frame 812 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
814 using the steering matrices for beamforming. Frame
814 may have the TRQ field set to 1 to indicate a
training request. Station B may then  transmit an
unsteered frame 816 in a sounding PPDU. Frame 816 may
carry a block  Ack for the data sent in frame 814.
[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 WO
2008/002972 14 PCT/US2007/072224  the sounding PPDU
received from station A and may transmit a steered
data frame 918  in a sounding PPDU. Frame 918 may
carry a block Ack for the data sent in frame 914,  a
training request, and data. [0065] Beamforming with
MPDU sounding in FIGS. 7, 8 and 9 may also be
performed in other manners. For example, the RTS and
CTS frames may be replaced  with frames of other
types. [0066] Bidirectional explicit beamforming with
MPDU sounding may be performed  based on a combination
of FIGS. 7 and 9. Stations A and B may both transmit
sounding  



PPDUs, as shown in FIG. 9. Each station may derive
explicit feedback based on the  sounding PPDU 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.
[0067] Beamforming with implicit feedback assumes a
reciprocal MIMO channel  between stations A and B.
This allows station A to (i) estimate the MIMO channel
response for the link from station B to station A
based on a sounding PPDU received  from station B and
(ii) use this MIMO channel estimate as an estimate the
MIMO  channel response for the other link from station
A to station B. However, if the  responses of the
transmit chains are different from the responses of
the receive chains at  station A or at station B, then
the differences would impact the reciprocity of the
MIMO  channel. [0068] Stations A and B may perform
calibration to determine the differences  between
their transmit and receive chains and to derive
correction vectors that may be  applied to account for
the differences and restore reciprocity. Calibration
is not required  for beamforming but, if performed,
may improve beamforming performance. Stations  A and B
may perform calibration at association and/or at other
times. [0069] FIG. 10 shows an example frame exchange
for calibration with explicit CSI  feedback and NDP
sounding. Station A may transmit an unsteered RTS
frame 1010,  and station B may return an unsteered CTS
frame 1012. Station A may then transmit an  unsteered
frame 1014, an NDP 1016, and an unsteered frame 1018.
Frame 1014 may  have the CSI/Steering field set to 1
to request CSI feedback and may indicate that full
precision CSI feedback should be sent back. Frame 1018
may have the TRQ field set to  1 for a training
request and the RDG field set to 1 to indicate a
reverse direction grant. WO 2008/002972 15
PCT/US2007/072224  [0070] Station B may estimate the
MIMO channel response based on NDP 1016 and  may
generate CSI feedback as described in the
aforementioned IEEE 802.11n  documents. Station B may
then transmit an unsteered frame 1020, an NDP 1022,
and  an unsteered frame 1024. Frame 1020 may carry the
CSI feedback and may have the  More PPDU field set to
1 to indicate that another frame will follow. Frame
1024 may  



also carry the CSI feedback and may have the More PPDU
field set to 0 to indicate that  no other frame will
follow. [0071] Station A may estimate the MIMO channel
response based on NDP 1022  from station B. Station A
may then compute reciprocity correction vectors based
on the  MIMO channel estimate determined by station A
and the CSI feedback received from  station B. Station
A may apply the reciprocity correction vectors in
future transmission  to station B. [0072] FIG. 11
shows an example frame exchange for calibration with
explicit CSI  feedback and MPDU sounding. Station A
may transmit an unsteered RTS frame 1110  in a
sounding PPDU. Frame 1110 may have the CSI/Steering
field set to 1 to request  CSI feedback and the TRQ
field set to 1 to indicate a training request. Station
B may  estimate the MIMO channel response based on the
sounding PPDU received from  station A and may
generate CSI feedback. Station B may then transmit an
unsteered  CTS frame 1112, which may carry the CSI
feedback, in a sounding PPDU. Station A  may estimate
the MIMO channel response based on the sounding PPDU
received from  station B and may compute reciprocity
correction vectors based on the MIMO channel  estimate
and the explicit feedback. [0073] FIG. 12 shows an
example frame exchange for calibration with explicit
CSI  feedback and both NDP and MPDU sounding. Station
A may transmit an unsteered  RTS frame 1210, which may
have the CSI/Steering field set to 1 to request CSI
feedback. Station B may return an unsteered CTS frame
1212. Station A may then  transmit an NDP 1214 and an
unsteered frame 1216. Frame 1216 may have the TRQ
field set to 1 for a training request and the RDG
field set to 1 to indicate a reverse  direction grant.
Station B may estimate the MIMO channel response based
on NDP  1214 from station A and may generate CSI
feedback. Station B may then transmit an  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 WO 2008/002972 16
PCT/US2007/072224  received from station B and may
compute reciprocity correction vectors based on the
MIMO channel estimate and the explicit feedback. 



[0074] Calibration may also be performed in other
manners. For example, the RTS  and CTS frames may be
replaced with data frames or frames of other types.
Frame  1014 and/or 1020 in FIG. 10 may have the NDP
Announcement field set to 1, and frame  1018 and/or
1024 may be omitted. Station B may send an NDP or a
sounding PPDU as  soon as possible after the training
request from station A. Station B may send the CSI
feedback either in conjunction with the NDP or
sounding PPDU or at a later time. [0075] As shown in
FIGS. 10, 11 and 12, calibration may be supported
without  using calibration-specific messages and frame
exchanges. For calibration, the CSI  feedback request
may be sent using the CSI/Steering field in the HT
Control field, as  shown in FIG. 3 and Table 1. In one
design, when a training request is included in the
same frame as a CSI feedback request, full precision
CSI matrices may be sent back for  use to derive
reciprocity correction vectors. In another design, a
designated field may  be used to indicate the start of
calibration and to identify frames sent for
calibration.  [0076] FIG. 13 shows a structure of a
management frame 1300 that may be used to  send CSI
feedback for calibration. Frame 1300 includes various
fields such as a MIMO  Control field and a MIMO CSI
Matrices Report field. The MIMO Control field
includes various fields such as a Grouping (Ng) field
and a Coefficient Size field. For  calibration, the
Grouping field may be set to 0 for Ng = 1, which means
no grouping of  the subcarriers, so that a CSI matrix
will be provided for each of the subcarriers {-28,
..., -1, +1, ... +28} that may be used for
transmission. The Coefficient Size field may  be set
to 3 for Nb = 8, which means that eight bits of
precision (or full precision) will be  used for each
element of each CSI matrix. The MIMO CSI Matrices
Report field may  carry a CSI matrix for each
subcarrier that may be used for transmission, with
each  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 



WO 2008/002972 17 PCT/US2007/072224 in blocks 1412
through 1422 may be for one or more independent frame
exchanges.  The processing in blocks 1412 through 1422
may exercise the capabilities given above  to support
both implicit feedback and explicit feedback for
beamforming. In particular,  transmission and
reception of sounding PPDUs are covered in blocks 1414
and 1418,  respectively. Response to a training
request by sending a sounding PPDU is covered in
blocks 1412 and 1414. Response to request for explicit
feedback is covered in blocks  1416 to 1422. [0078]
Each frame may correspond to a PPDU in IEEE 802.11 or
some other type  of PDU. Each sounding frame may be
(i) an NDP having at least one training field but  no
data field or (ii) a frame having both training and
data fields. The explicit feedback  may comprise CSI
matrices, non-compressed beamforming feedback
matrices,  compressed beamforming feedback matrices,
etc. [0079] The station may be an explicit beamformee
and may receive a steered frame  sent with beamforming
based on the explicit feedback returned in block 1422.
The  station may be an implicit beamformee and may
receive a steered frame sent with  beamforming based
on implicit feedback derived from the first sounding
frame sent in  block 1414. The station may be an
explicit beamformer and may receive explicit  feedback
generated from the first sounding frame, derive
steering information (e.g.,  steering matrices) based
on the received explicit feedback, and send a steered
frame  with beamforming based on the steering
information. The station may be an implicit
beamformer and may receive a third sounding frame,
derive steering information based  on the third
sounding frame, and send a steered frame with
beamforming based on the  steering information. [0080]
FIG. 15 shows a design of an apparatus 1500 for
supporting beamforming.  Apparatus 1500 includes means
for receiving a training request (module 1512), means
for sending a first sounding frame in response to the
training request (module 1514),  means for receiving a
request for explicit feedback for beamforming (module
1516),  means for receiving a second sounding frame
(module 1518), means for generating the  explicit
feedback based on the second sounding frame (module
1520), and means for  sending the explicit feedback in
response to the request for explicit feedback (module



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. WO 2008/002972 18 PCT/US2007/072224
4) with a request for explicit feedback (block 1612).
The station may send an NDP  (e.g., NDP 414) having at
least one training field but no data field (block
1614). The  station may receive a second frame with
the explicit feedback derived based on the  NDP, e.g.,
frame 418 (block 1616). The station may derive
steering information based  on the explicit feedback
(block 1618) and may send a steered frame (e.g., frame
420)  with beamforming based on the steering
information (block 1620). [0082] The station may send
an RTS frame as the first frame, receive a CTS frame
in response to the RTS frame, and send the NDP within
a SIFS time of the CTS frame.  The station may send a
third frame with an RDG (e.g., frame 416) within a
SIFS time of  the NDP and may receive the second frame
after the third frame. The station may  include, in
either the first frame or the third frame, an
announcement that an NDP will  follow. [0083] FIG. 17
shows a design of an apparatus 1700 for beamforming
with explicit  feedback and NDP sounding. Apparatus
1700 includes means for sending a first frame  with a
request for explicit feedback (module 1712), means for
sending an NDP having  at least one training field but
no data field (module 1714), means for receiving a
second  frame with the explicit feedback derived based
on the NDP (module 1716), means for  deriving steering
information based on the explicit feedback (module
1718), and means  for sending a steered frame with
beamforming based on the steering information  (module
1720). [0084] FIG. 18 shows a design of a process 1800
for beamforming with implicit  feedback and NDP
sounding. A station may send a first frame (e.g.,
frame 514 in FIG.  5) with a training request (block
1812). The station may receive an NDP (e.g., NDP  518)
having at least one training field but no data field
(block 1814). The station may  derive steering
information based on the NDP (block 1816) and may send
a steered  frame (e.g., frame 522) with beamforming
based on the steering information (block  1818). 



[0085] The station may send an RTS frame (e.g., frame
510), receive a CTS frame  (e.g., frame 512) in
response to the RTS frame, and send 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 WO
2008/002972 19 PCT/US2007/072224  then receive a third
frame (e.g., frame 520) with an indication that no
other frame will  follow. [0086] FIG. 19 shows a
design of an apparatus 1900 for beamforming with
implicit  feedback and NDP sounding. Apparatus 1900
includes means for sending a first frame  with a
training request (module 1912), means for receiving an
NDP having at least one  training field but no data
field (module 1914), means for deriving steering
information  based on the NDP (module 1916), and means
for sending a steered frame with  beamforming based on
the steering information (module 1918). [0087] FIG. 20
shows a design of a process 2000 for bidirectional
beamforming  with implicit feedback and NDP sounding.
A station may send a first frame (e.g., frame  614 or
618 in FIG. 6) with a training request (block 2012).
The station may send a first  NDP (e.g., NDP 616)
having at least one training field but no data field
either before or  after 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 either 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). WO 2008/002972 20
PCT/US2007/072224  [0090] FIG. 22 shows a design of a
process 2200 for calibration with NDP  sounding. A
station may send a first frame (e.g., frame 1014 in
FIG. 10 or frame 1210  in FIG. 12) with a request for
explicit feedback for calibration (block 2212). The
station  may also send an NDP (e.g., NDP 1016 or 1214)
having at least one training field but  no data field
(block 2214). The station may receive a second frame
(e.g., frame 1020 in  FIG. 10 or frame 1218 in FIG.
12) with the explicit feedback (block 2216). The
station  may also receive a sounding frame, which may
be either an NDP such as NDP 1022 in  FIG. 10 or a
frame having both training and data fields such as
frame 1218 in FIG. 12  (block 2218). The station may
derive a channel estimate based on the sounding frame
(block 2220). The station may then perform calibration
(e.g., derive reciprocity  correction vectors) based
on the channel estimate and the explicit feedback
(block  2222). [0091] The first frame may include a
training request and an announcement that an  NDP will
follow. Alternatively, the station may send a third
frame (e.g., frame 1018 in  FIG. 10 or frame 1216 in
FIG. 12) with a training request after the NDP. In any
case,  the sounding frame may be sent in response to
the training request. [0092] FIG. 23 shows a design of
an apparatus 2300 for calibration with NDP  sounding.
Apparatus 2300 includes means for sending a first
frame with a request for  explicit feedback for
calibration (module 2312), means for sending an NDP
having at  least one training field but no data field
(module 2314), means for receiving a second  frame
with the explicit feedback (module 2316), means for
receiving a sounding frame  



(module 2318), means for deriving a channel estimate
based on the sounding frame  (module 2320), and means
for performing calibration based on the channel
estimate and  the explicit feedback (module 2322).
[0093] FIG. 24 shows a design of a process 2400 for
sending CSI feedback for  calibration. A station may
receive a request for CSI feedback for calibration,
e.g., in  frame 1014 in FIG. 10, frame 1110 in FIG.
11, or frame 1210 in FIG. 12 (block 2412).  The
station may also receive a sounding frame, e.g., NDP
1016 in FIG. 10, frame 1110  in FIG. 11, or NDP 1214
in FIG. 12 (block 2414). The station may generate the
CSI  feedback based on the sounding frame (block 2416)
and may send the CSI feedback  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 WO
2008/002972 21 PCT/US2007/072224  grouping field to 0
to indicate no grouping of subcarriers (Ng = 1) and
may set the  coefficient size field to 3 to indicate 8
bits (Nb = 8) for full precision of the CSI  feedback.
The CSI feedback may comprise a CSI matrix for each of
a plurality of  subcarriers usable for transmission.
[0095] FIG. 25 shows a design of a process 2500 for
sending CSI feedback for  calibration. Apparatus 2500
includes means for receiving a request for CSI
feedback  for calibration (module 2512), means for
receiving a sounding frame (module 2514),  means for
generating the CSI feedback based on the sounding
frame (module 2516), and  means for sending the CSI
feedback with no grouping of subcarriers and full
precision  (module 2518). [0096] The modules in FIGS.
15, 17, 19, 21, 23 and 25 may comprise processors,
electronics devices, hardware devices, electronics
components, logical circuits,  memories, etc., or any
combination thereof. [0097] FIGS. 14 through 25
describe the processing by station A in FIGS. 4, 5, 6,
10, 11 and 12. The processing by station B is
complementary to the processing by  station A and may
be described by a set of figures complementary to
FIGS. 14 through  25. The processing by stations A and
B in FIGS. 7, 8 and 9 may also be performed as  shown
in these figures. 



[0098] FIG. 26 shows a block diagram of a design of
stations A and B, each of  which may be access point
110 or one of stations 120 in FIG. 1. Station A is
equipped  with multiple (T) antennas 2624a through
2624t that may be used for data transmission  and
reception. Station B is equipped with multiple (R)
antennas 2652a through 2652r  that may be used for
data transmission and reception. [0099] 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
WO 2008/002972 22 PCT/US2007/072224  output chip
stream to generate a modulated signal. T modulated
signals from  modulators 2622a through 2622t may be
transmitted from antennas 2624a through  2624t,
respectively. [00100] At station B, R antennas 2652a
through 2652r may receive the modulated  signals from
station A, and each antenna 2652 may provide a
received signal to a  respective demodulator (DEMOD)
2654. Each demodulator 2654 may perform  processing
complementary to the processing performed by
modulators 2622 to obtain  received symbols. A receive
(RX) spatial processor 2660 may perform spatial
matched  filtering on the received symbols from all
demodulators 2654a through 2654r and  provide data
symbol estimates, which are estimates of the data
symbols transmitted by  station A. An RX data
processor 2670 may further process (e.g., symbol
demap,  deinterleave, and decode) the data symbol
estimates and provide decoded data to a data  sink
2672 and/or a controller/processor 2680. [00101] A
channel processor 2678 may process training symbols
received from  station A and may estimate the MIMO
channel response. Processor 2678 may  



decompose a channel matrix for each subcarrier or each
group of subcarriers of interest,  e.g., as shown in
equation (1), to obtain a corresponding beamforming
matrix.  Processor 2678 may generate feedback
information for the channel matrices or the (non-
compressed or compressed) beamforming matrices.
Processor 2678 may provide the  feedback information
to controller/processor 2680 to send back to station
A. Processor  2678 may also derive a spatial filter
matrix for each subcarrier or each group of
subcarriers of interest based on the corresponding
channel matrix and/or beamforming  matrix. Processor
2678 may provide the spatial filter matrices to RX
spatial processor  2660 for spatial matched filtering.
[00102] The processing for transmission from station B
to station A may be the same  as or different from the
processing for the transmission from station A to
station B.  Traffic data from a data source 2686
and/or other data (e.g., feedback information) from
controller/processor 2680 may be processed (e.g.,
encoded, interleaved, and modulated)  by a TX data
processor 2688, and further multiplexed with training
symbols and  spatially processed by TX spatial
processor 2690 with steering matrices. The output
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. WO 2008/002972 23
PCT/US2007/072224  [00103] At station A, the modulated
signals from station B may be received by  antennas
2624a through 2624t and processed by demodulators
2622a through 2622t to  obtain received symbols. An RX
spatial processor 2640 may perform spatial matched
filtering on the received symbols and provide data
symbol estimates. An RX data  processor 2642 may
further process the data symbol estimates, provide
decoded data to  a data sink 2644, and provide the
feedback information to controller/processor 2630.
Processor 2630 may derive steering matrices based on
the feedback information. [00104] A channel processor
2628 may process training symbols received from
station B and may estimate the MIMO channel response.
Processor 2628 may  decompose a channel matrix for
each subcarrier or each group of subcarriers of
interest  to obtain a corresponding beamforming
matrix. Processor 2628 may also derive a  spatial
filter matrix for each subcarrier or each group of
subcarriers of interest.  



Processor 2628 may provide the spatial filter matrices
to RX spatial processor 2640 for  spatial matched
filtering and may provide the channel matrices or
beamforming  matrices to controller/processor 2630 for
feedback to station B. [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 in 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 WO 2008/002972 24 PCT/US2007/072224
(e.g., memory 2632 or 2682 in FIG. 26) and executed by
a processor (e.g., processor  2630 or 2680). The
memory may be implemented within the processor or
external to  the processor. The firmware and/or
software instructions may also be stored in other
processor-readable medium such as random access memory
(RAM), read-only memory  (ROM), non-volatile random
access memory (NVRAM), programmable read-only  memory
(PROM), electrically erasable PROM (EEPROM), FLASH
memory, compact  disc (CD), magnetic or optical data
storage device, etc. [00108] The previous description
of the disclosure is provided to enable any person
skilled in the art to make or use the disclosure.
Various modifications to the disclosure  



will be readily apparent to those skilled in the art,
and the generic principles defined  herein may be
applied to other variations without departing from the
spirit or scope of  the disclosure. Thus, the
disclosure is not intended to be limited to the
examples and  designs described herein but is to be
accorded the widest scope consistent with the
principles and novel features disclosed herein. WHAT
IS CLAIMED IS: WO 2008/002972 25 PCT/US2007/072224
CLAIMS  1. An apparatus comprising: at least one
processor configured to receive a training request, to
send a first  sounding frame in response to the
training request, to receive 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 1, 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 1,
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
processor 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 1, 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  each comprise a Null Data Packet
(NDP) having at least one training field but no data  



field. WO 2008/002972 26 PCT/US2007/072224 8. The
apparatus of claim 1, wherein the first and second
sounding frames  each comprise a frame having training
and data fields or a Null Data Packet (NDP)  having at
least one training field but no data field. 9. The
apparatus of claim 1, wherein the explicit feedback
comprises  channel state information (CSI) matrices,
non-compressed beamforming feedback  matrices, or
compressed beamforming feedback matrices. 10. The
apparatus of claim 1, wherein the first and second
sounding frames  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. WO
2008/002972 27 PCT/US2007/072224  15. An apparatus
comprising: 



means for receiving a training request; means for
sending a first sounding frame in response to the
training request;  means for receiving a request for
explicit feedback for beamforming;  means for
receiving a second sounding frame; means for
generating the explicit feedback based on the second
sounding frame;  and means for sending the explicit
feedback in response to the request for explicit
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,  comprising: a
first instruction set for receiving a training
request; a second instruction set for sending a first
sounding frame in response to the  training request; a
third instruction set for receiving a request for
explicit feedback for  beamforming; WO 2008/002972 28
PCT/US2007/072224  a fourth instruction set for
receiving a second sounding frame; a fifth instruction
set for generating the explicit feedback based on the
second  sounding frame; and 



a sixth instruction set for sending the explicit
feedback in response to the request  for explicit
feedback. 20. An apparatus comprising: at least one
processor configured to send a first frame with a
request for explicit  feedback, to send a Null Data
Packet (NDP) having at least one training field but no
data field, and to receive a second frame with the
explicit feedback derived based on the  NDP; and a
memory coupled to the at least one processor. 21. The
apparatus of claim 20, wherein the at least one
processor is  configured to derive steering
information based on the explicit feedback and to send
a  steered frame based on the steering information.
22. The apparatus of claim 20, wherein the first frame
comprises a Request  to Send (RTS) frame, and wherein
the at least one processor is configured to receive a
Clear to Send (CTS) frame and to send the NDP within a
short interframe space (SIFS)  time of the CTS frame.
23. The apparatus of claim 20, wherein the at least
one processor is  configured to send a third frame
with a reverse direction grant within a short
interframe  space (SIFS) time of the NDP, and to
receive the second frame after the third frame. 24.
The apparatus of claim 23, wherein the at least one
processor is  configured to include in the first frame
or the third frame an announcement that an NDP  will
follow. 25. A method comprising: sending a first frame
with a request for explicit feedback; WO 2008/002972
29 PCT/US2007/072224  sending a Null Data Packet (NDP)
having at least one training field but no data  field;
and receiving a second frame with the explicit
feedback derived based on the NDP.  26. The method of
claim 25, further comprising: deriving steering
information based on the explicit feedback; and
sending a steered frame based on the steering
information. 27. The method of claim 25, further
comprising: 



receiving a Clear to Send (CTS) frame in response to a
Request to Send (RTS)  frame sent as the first frame,
and wherein the NDP is sent within a short interframe
space (SIFS) time of the CTS frame. 28. The method of
claim 25, further comprising: sending a third frame
with a reverse direction grant within a short
interframe  space (SIFS) time of the NDP, and wherein
the second frame is received after the third  frame.
29. The method of claim 28, further comprising:
including in the first frame or the third frame an
announcement that an NDP will  follow. 30. An
apparatus comprising: at least one processor
configured to receive a Null Data Packet (NDP) having
at  least one training field but no data field, to
derive steering information based on the  NDP, and to
send a steered frame based on the steering
information; and a memory coupled to the at least one
processor. 31. The apparatus of claim 30, wherein the
at least one processor is  configured to send a first
frame with a training request and to receive the NDP
in  response to the training request. WO 2008/002972
30 PCT/US2007/072224  32. The apparatus of claim 31,
wherein the at least one processor is configured to
send a reverse direction grant in the first frame, to
receive a second frame  after the first frame, and to
receive the NDP after the second frame. 33. The
apparatus of claim 32, wherein the second frame
includes an  announcement that an NDP will follow. 34.
The apparatus of claim 32, wherein the second frame
includes an  indication that another frame will
follow, and wherein the at least one processor is
configured to receive a third frame after the second
frame, the third frame including an  indication that
no other frame will follow. 35. The apparatus of claim
30, wherein the at least one processor is  configured
to send a Request to Send (RTS) frame, to receive a
Clear to Send (CTS)  



frame in response to the RTS frame, and to send the
first frame after the CTS frame. 36. A method
comprising: receiving a Null Data Packet (NDP) having
at least one training field but no data  field;
deriving steering information based on the NDP; and
sending a steered frame based on the steering
information.  37. The method of claim 36, further
comprising: sending a first frame with a training
request, and wherein the NDP is received in  response
to the training request. 38. The method of claim 37,
further comprising:  sending a reverse direction grant
in the first frame; and receiving a second frame after
the first frame, and wherein the NDP is received
after the second frame. 39. An apparatus comprising:
WO 2008/002972 31 PCT/US2007/072224 at least one
processor configured to send a first frame with a
training request, to  send a first Null Data Packet
(NDP) having at least one training field but no data
field,  and to receive a second NDP in response to the
training request; and a memory coupled to the at least
one processor. 40. The apparatus of claim 39, wherein
the at least one processor is  configured to receive a
steered frame based on steering information derived
from the  first NDP. 41. The apparatus of claim 39,
wherein the at least one processor is  configured to
derive steering information based on the second NDP
and to send a  steered frame based on the second
steering information. 42. The apparatus of claim 39,
wherein the first frame includes an  announcement that
an NDP will follow. 43. The apparatus of claim 39,
wherein the at least one processor is  configured to
send a Request to Send (RTS) frame, to receive a Clear
to Send (CTS)  frame in response to the RTS frame, and
to send the first frame after the CTS frame. 44. A
method comprising: 



sending a first frame with a training request; sending
a first Null Data Packet (NDP) having at least one
training field but no  data field; and receiving a
second NDP in response to the training request.  45.
The method of claim 44, further comprising: receiving
a steered frame based on steering information derived
from the first  NDP. 46. The method of claim 44,
further comprising:  deriving steering information
based on the second NDP; and  sending a steered frame
based on the second steering information. WO
2008/002972 32 PCT/US2007/072224  47. An apparatus
comprising: at least one processor configured to send
a first frame with a request for explicit  feedback
for calibration, to send a Null Data Packet (NDP)
having at least one training  field but no data field,
to receive a second frame with the explicit feedback,
to receive a  sounding frame, to derive a channel
estimate based on the sounding frame, and to  perform
calibration based on the channel estimate and the
explicit feedback; and a memory coupled to the at
least one processor. 48. The apparatus of claim 47,
wherein the sounding frame comprises an  NDP. 49. The
apparatus of claim 47, wherein the sounding frame
comprises  training and data fields. 50. The apparatus
of claim 47, wherein the first frame includes a
training  request and an announcement that an NDP will
follow, and wherein the sounding frame  is sent in
response to the training request. 51. The apparatus of
claim 47, wherein the at least one processor is
configured to send a third frame with a training
request after the NDP, and wherein the  sounding frame
is sent in response to the training request. 52. A
method comprising: sending a first frame with a
request for explicit feedback for calibration; sending
a Null Data Packet (NDP) having at least one training
field but no data  



field; receiving a second frame with the explicit
feedback;  receiving a sounding frame; deriving a
channel estimate based on the sounding frame; and
performing calibration based on the channel estimate
and the explicit feedback. WO 2008/002972 33
PCT/US2007/072224  53. The method of claim 52, wherein
the first frame includes a training request and an
announcement that an NDP will follow, and wherein the
sounding frame  is sent in response to the training
request. 54. The method of claim 52, further
comprising: sending a third frame with a training
request after the NDP, and wherein the  sounding frame
is sent in response to the training request. 55. An
apparatus comprising: at least one processor
configured to receive a request for channel state
information (CSI) feedback for calibration, to receive
a sounding frame, to generate the  CSI feedback based
on the sounding frame, and to send the CSI feedback
with no  grouping of subcarriers and full precision;
and a memory coupled to the at least one processor.
56. The apparatus of claim 55, wherein the at least
one processor is  configured to send the CSI feedback
in a management frame having a grouping field  and a
coefficient size field, to set the grouping field to 0
to indicate no grouping of  subcarriers, and to set
the coefficient size field to 3 to indicate 8 bits for
full precision of  the CSI feedback. 57. The apparatus
of claim 55, wherein the CSI feedback comprises a CSI
matrix for each of a plurality of subcarriers usable
for transmission. 58. A method comprising: receiving a
request for channel state information (CSI) feedback
for calibration;  receiving a sounding frame;
generating the CSI feedback based on the sounding
frame; and sending the CSI feedback with no grouping
of subcarriers and full precision. 59. The method of
claim 58, wherein the sending the CSI feedback  



comprises WO 2008/002972 34 PCT/US2007/072224  sending
the CSI feedback in a management frame having a
grouping field and a  coefficient size field, setting
the grouping field to 0 to indicate no grouping of
subcarriers, and setting the coefficient size field to
3 to indicate 8 bits for full precision of the  CSI
feedback. 


