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UPLINK MULTI-USER TRANSMISSION

Cross References to Related Applications

[Hol1] This application claims the benefit of U.S. Provisional Patent App. No. 62/321.703,
entitled "HE Control Field Content,” filed on April 12, 2016, and U.S. Provisional Patent App.
No. 62/332,972, entitled "HE Control Field Content — Scheduling Information for UL MU
Response,” filed on May 6, 2016, the disclosures of each of which are hereby expressly
incorporated herein by reference in their entirety.

Ficld of Technology

(00021 The present disclosure relates generally to wireless communication systems, and
more particularly to uplink transmissions in wireless local area networks that utilize orthogonal

frequency division multiplexing.

Background

[0003] The background description provided herein is for the purpose of generally presenting
the context of the disclosure. Work of the presently named inventors, to the extent it is described
in this background section, as well as aspects of the description that may not otherwise qualify as
prior art at the time of filing, are neither expressly nor impliedly admitted as prior art against the
present disclosure.

[0004] Wireless local area networks (WLANS) have evolved rapidly over the past decade,
and development of WLAN standards such as the Institute for Electrical and Electronics
Engineers (IEEE) 802.11 Standard family has improved single-user peak data throughput. For
example, the IEEE 802.11b Standard specifies a single-user peak throughput of 11 megabits per
second (Mbps), the IEEE 802,112 and 802,11 g Standards specily a single-user peak throughput
of 54 Mbps, the IEEE 8021 1n Standard specifies a single-user peak throughput of 600 Mbps,
and the IEEE 802.11ac Standard specifies a single-user peak throughput in the gigabits per
second (Gbps) range. Future standards promise to provide even greater throughput, such as

throughputs in the tens of Gbps range.
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Summary

[0005] In an embodiment, a method for transmitting a subchannel availability for an uplink
(UL) multi-user (MU) transmission includes determining, by a first communication device, an
availability of one or more subchannels of an orthogonal frequency division multiplex (OFDM)
channel for the UL MU transmission. The method also includes generating, by a first
communication device, a High Throughput (HT) Control field of a media access control (MAC)
header that includes an indication of the determined availability of the one or more subchannels.
The method includes generating, by the first communication device, a MAC protocol data unit
(MPDU) that includes the HT Control field. The method also includes transmitting, by the first
communication device, the MPDU to a second communication device via the OFDM channel for
a subsequent allocation of radio resources for the UL MU transmission by the second
communication device.

[0006] In another embodiment, an apparatus for transmitting a subchannel availability for an
UL MU transmission includes a network interface device associated with a first communication
device and having one or more integrated circuits (ICs). The one or more ICs are configured to
determine an availability of one or more subchannels of an OFDM channel for the UL MU
transmission. The one or more ICs are further configured to generate a HT Control field of a
MAC header that includes an indication of the determined availability of the one or more
subchannels. The one or more ICs are configured to generate an MPDU that includes the HT
Control field. The one or more ICs are further configured to transmit the MPDU to a second
communication device via the OFDM channel for a subsequent allocation of radio resources for
the UL MU transmission by the second communication device.

[0007] In an embodiment, a method for transmitting an UL OFDM data unit of an UL MU
transmission includes receiving, by a first communication device and from a second
communication device, a downlink (DL) OFDM data unit that includes a HT Control field of a
MAC header. The HT Control field includes an indication of a number of OFDM symbols for a
portion of the UL MU OFDM data unit. The method also includes generating, by the first
communication device, the data portion of the UL OFDM data unit to have a length
corresponding to the indicated number of OFDM symbols. The method further includes
generating the UL OFDM data unit to include the data portion. The method includes
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transmitting, by the first communication device, the UL OFDM data unit to the second
communication device.

[0008] In another embodiment, an apparatus for transmitting an UL OFDM data unit of an
UL MU transmission includes a network interface device associated with a first communication
device and having one or more integrated circuits ICs. The one or more ICs are configured to
receive, from a second communication device, a DL OFDM data unit that includes a HT Control
field of a MAC header. The HT Control field includes an indication of a number of OFDM
symbols for a portion of the UL OFDM data unit. The one or more ICs are further configured to
generate the data portion to have a length corresponding to the indicated number of OFDM
symbols. The one or more ICs are configured to generate the UL OFDM data unit to include the
data portion. The one or more ICs are further configured to transmit the UL OFDM data unit to
the second communication device.

Brief Description of the Drawings

[0009] Fig. 1 is a block diagram of an example wireless local area network (WLAN),
according to an embodiment.

[0010] Fig. 2A is a block diagram of an example single-user physical layer (PHY) data unit,
according to an embodiment.

[0011] Fig. 2B is a block diagram of an example multi-user PHY data unit, according to an
embodiment.

[0012] Fig. 3 is a block diagram of another example multi-user PHY data unit, according to
an embodiment.

[0013] Fig. 4 is a diagram of a medium access control (MAC) protocol data unit (MPDU),
according to an embodiment.

[0014] Fig. 5A is a diagram of an example control subfield that includes an available channel
report, according to an embodiment.

[0015] Fig. 5B is an example sequence of orthogonal frequency division multiplex (OFDM)
data units for providing an available channel report to an access point, according to an
embodiment.

[0016] Fig. 6 is a diagram of an example control subfield that includes advised uplink

schedule information, according to an embodiment.
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[0017] Fig. 7A is a diagram of an example control subfield that includes ownership transfer
information for a transmission opportunity (TXOP), according to an embodiment.

[0018] Fig. 7B is an example sequence of OFDM data units for providing ownership transfer
information for a TXOP, according to an embodiment.

[0019] Fig. 8 is an example sequence of OFDM data units for providing ownership transfer
information for a TXOP, according to an embodiment.

[0020] Fig. 9 is a diagram of an example control subfield that includes spatial reuse
parameters, according to an embodiment.

[0021] Fig. 10 is a diagram of an example allocation table of indices for indicating a resource
unit allocation to a client station for a subsequent uplink (UL) multi-user (MU) transmission, in
an embodiment.

[0022] Fig. 11A is a diagram of an example control subfield that includes UL MU response
scheduling information, according to an embodiment.

[0023] Fig. 11B is a diagram of an example control subfield that includes UL MU response
scheduling information, according to another embodiment.

[0024] Fig. 12 is a diagram of an example control subfield that includes UL MU response
scheduling information, according to yet another embodiment.

[0025] Fig. 13A and Fig. 13B are diagrams of example control subfields that include UL MU
response scheduling information for either an UL multi-user, multiple input multiple output
(MU-MIMO) transmission or a non-MU-MIMO transmission.

[0026] Fig. 14 is a flow diagram of an example method of transmitting a subchannel
availability for an UL MU transmission, according to an embodiment.

[0027] Fig. 15 is a flow diagram of an example method of transmitting an UL OFDM data
unit of an UL MU transmission, according to an embodiment.

Detailed Description

[0028] In embodiments described below, a wireless network device such as a client station
(STA) of a wireless local area network (WLAN) generates an uplink (UL) orthogonal frequency
division multiplex (OFDM) data unit for transmission to an access point (AP). In general, the
AP or other network device allocates or assigns radio resources of an OFDM communication

channel to specific STAs or groups of STAs for data transfers using orthogonal frequency
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division multiple access (OFDMA). For example, the AP makes an allocation of one or more
tones, tone blocks, or sub-channels of the OFDM communication channel to multiple STAs for
an UL multi-user (MU) transmission. During a subsequent OFDMA data transfer, each of the
STAs simultaneously transmits an OFDM data unit using its allocated sub-channels. In an
embodiment, a client station provides an indication of availability of one or more sub-channels
of the OFDM communication channel to the AP. The AP allocates sub-channels to the client
stations based on the sub-channel availability, in an embodiment. The AP indicates a length for
the OFDM data units of the UL MU transmission as a number of OFDM symbols, in an
embodiment.

[0029] Fig. 1 is a block diagram of an example WLAN 110, according to an embodiment.
The WLAN 110 includes an access point (AP) 114 that comprises a host processor 118 coupled
to a network interface device 122. The network interface device 122 includes a medium access
control (MAC) processor 126 and a physical layer (PHY) processor 130. The PHY processor
130 includes a plurality of transceivers 134, and the transceivers 134 are coupled to a plurality of
antennas 138. Although three transceivers 134 and three antennas 138 are illustrated in Fig. 1,
the AP 114 includes other suitable numbers (e.g., 1, 2, 4, 5, etc.) of transceivers 134 and
antennas 138 in other embodiments. In some embodiments, the AP 114 includes a higher
number of antennas 138 than transceivers 134, and antenna switching techniques are utilized.
[0030] The network interface device 122 is implemented using one or more integrate circuits
(ICs) configured to operate as discussed below. For example, the MAC processor 126 may be
implemented, at least partially, on a first IC, and the PHY processor 130 may be implemented, at
least partially, on a second IC. As another example, at least a portion of the MAC processor 126
and at least a portion of the PHY processor 130 may be implemented on a single IC. For
instance, the network interface device 122 may be implemented using a system on a chip (SoC),
where the SoC includes at least a portion of the MAC processor 126 and at least a portion of the
PHY processor 130.

[0031] In various embodiments, the MAC processor 126 and/or the PHY processor 130 of
the AP 114 are configured to generate data units, and process received data units, that conform to
a WLAN communication protocol such as a communication protocol conforming to the IEEE

802.11 Standard or another suitable wireless communication protocol. For example, the MAC
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processor 126 may be configured to implement MAC layer functions, including MAC layer
functions of the WLAN communication protocol, and the PHY processor 130 may be configured
to implement PHY functions, including PHY functions of the WLAN communication protocol.
For instance, the MAC processor 126 may be configured to generate MAC layer data units such
as MAC service data units (MSDUs), MAC protocol data units (MPDUs), etc., and provide the
MAC layer data units to the PHY processor 130. The PHY processor 130 may be configured to
receive MAC layer data units from the MAC processor 126 and encapsulate the MAC layer data
units to generate PHY data units such as PHY protocol data units (PPDUs) for transmission via
the antennas 138. Similarly, the PHY processor 130 may be configured to receive PHY data
units that were received via the antennas 138, and extract MAC layer data units encapsulated
within the PHY data units. The PHY processor 130 may provide the extracted MAC layer data
units to the MAC processor 126, which processes the MAC layer data units.

[0032] The WLAN 110 includes a plurality of client stations 154. Although three client
stations 154 are illustrated in Fig. 1, the WLAN 110 includes other suitable numbers (e.g., 1, 2,
4,5, 6, etc.) of client stations 154 in various embodiments. The client station 154-1 includes a
host processor 158 coupled to a network interface device 162. The network interface device 162
includes a MAC processor 166 and a PHY processor 170. The PHY processor 170 includes a
plurality of transceivers 174, and the transceivers 174 are coupled to a plurality of antennas 178.
Although three transceivers 174 and three antennas 178 are illustrated in Fig. 1, the client station
154-1 includes other suitable numbers (e.g., 1, 2, 4, 5, etc.) of transceivers 174 and antennas 178
in other embodiments. In some embodiments, the client station 154-1 includes a higher number
of antennas 178 than transceivers 174, and antenna switching techniques are utilized.

[0033] The network interface device 162 is implemented using one or more ICs configured
to operate as discussed below. For example, the MAC processor 166 may be implemented on at
least a first IC, and the PHY processor 170 may be implemented on at least a second IC. As
another example, at least a portion of the MAC processor 166 and at least a portion of the PHY
processor 170 may be implemented on a single IC. For instance, the network interface device
162 may be implemented using an SoC, where the SoC includes at least a portion of the MAC

processor 166 and at least a portion of the PHY processor 170.



WO 2017/180747 PCT/US2017/027214

[0034] In various embodiments, the MAC processor 166 and the PHY processor 170 of the
client device 154-1 are configured to generate data units, and process received data units, that
conform to the WLAN communication protocol or another suitable communication protocol.
For example, the MAC processor 166 may be configured to implement MAC layer functions,
including MAC layer functions of the WLAN communication protocol, and the PHY processor
170 may be configured to implement PHY functions, including PHY functions of the WLAN
communication protocol. The MAC processor 166 may be configured to generate MAC layer
data units such as MSDUs, MPDUs, etc., and provide the MAC layer data units to the PHY
processor 170. The PHY processor 170 may be configured to receive MAC layer data units from
the MAC processor 166 and encapsulate the MAC layer data units to generate PHY data units
such as PPDUs for transmission via the antennas 178. Similarly, the PHY processor 170 may be
configured to receive PHY data units that were received via the antennas 178, and extract MAC
layer data units encapsulated within the PHY data units. The PHY processor 170 may provide
the extracted MAC layer data units to the MAC processor 166, which processes the MAC layer
data units.

[0035] In an embodiment, each of the client stations 154-2 and 154-3 has a structure that is
the same as or similar to the client station 154-1. Each of the client stations 154-2 and 154-3 has
the same or a different number of transceivers and antennas. For example, the client station 154-
2 and/or the client station 154-3 each have only two transceivers and two antennas (not shown),
according to an embodiment.

[0036] Fig. 2A is a diagram of a single-user physical layer (PHY) data unit 200 that the
network interface device 122 (Fig. 1) is configured to generate and transmit to one client station
154 (e.g., the client station 154-1), according to an embodiment. The network interface device
162 (Fig. 1) may also be configured to transmit data units the same as or similar to the data unit
200 to the AP 114. The data unit 200 may occupy a 20 MHz bandwidth or another suitable
bandwidth. Data units similar to the data unit 200 occupy other suitable bandwidth such as 40
MHz, 80 MHz, 160 MHz, 320 MHz, 640 MHz, for example, or other suitable bandwidths, in
other embodiments.

[0037] The data unit 200 includes a preamble 202 including a legacy short training field (L-
STF) 205, a legacy long training field (L-LTF) 210, a legacy signal field (L-SIG) 215, a repeated
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L-SIG field (RL-SIG) 218, a high efficiency (HE) signal field (HE-SIG-A) 220, an HE short
training field (HE-STF) 225, and M HE long training fields (HE-LTFs) 230, where M is a
suitable positive integer. In an embodiment, M generally corresponds to (e.g., is greater than or
equal to) a number of spatial streams via which the data unit 200 will be transmitted. A legacy
preamble portion 242 of the preamble 202 includes the L-STF 205, L-LTF 210 and L-SIG 215.
An HE preamble portion 244 of the preamble 202 includes the RL-SIG 218, the HE-SIG-A 220,
the HE-STF 225 and the M HE-LTFs 230. The data unit 200 also includes a data portion 240.

In some scenarios, the data unit 200 may omit the data portion 240, for example, for a Quality of
Service (QoS) null data frame.

[0038] In some embodiments, the preamble 202 omits one or more of the fields 205-230. In
some embodiments, the preamble 202 includes additional fields not illustrated in Fig. 2A.

[0039] Each of the L-STF 205, the L-LTF 210, the L-SIG 215, the RL-SIG 218, the HE-SIG-
A 220, the HE-SIG-B 222, the HE-STF 225, and the M HE-LTFs 230 comprises one or more
OFDM symbols. As merely an illustrative example, the HE-SIG-A 220 comprises two OFDM
symbols. As additional illustrative examples, the data portion 240 comprises zero, one, or more
OFDM symbols.

[0040] In the illustration of Fig. 2A, the data unit 200 includes one of each of the L-STF 205,
the L-LTF 210, the L-SIG 215, the RL-SIG 218 and the HE-SIG-A 220. In some embodiments
in which a data unit similar to the data unit 200 occupies a cumulative bandwidth other than 20
MHz, each of the L-STF 205, the L-LTF 210, the L-SIG 215, the RL-SIG 218, and the HE-SIG-
A 220 is repeated over a corresponding number of 20 MHz sub-bands of the whole bandwidth of
the data unit, in an embodiment. For example, in an embodiment in which the data unit occupies
an 80 MHz bandwidth, the data unit 200 includes four of each of the L-STF 205, the L-LTF 210,
the L-SIG 215, the RL-SIG 218, and the HE-SIG-A 220.

[0041] In an embodiment, the HE-SIG-A 220 generally carries information about the format
of the data unit 200, such as information needed to properly decode at least a portion of the data
unit 200, in an embodiment. In some embodiments, HE-SIG-A 220 additionally includes
information for receivers that are not intended receivers of the data unit 200, such as information

needed for medium protection, spatial reuse, etc.
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[0042] Fig. 2B is a diagram of a multi-user PHY data unit 250 that the network interface
device 122 (Fig. 1) is configured to transmit to multiple client stations 154, according to an
embodiment. The network interface device 162 (Fig. 1) may also be configured to generate and
transmit data units the same as or similar to the data unit 250. The data unit 250 may occupy a
20 MHz bandwidth or another suitable bandwidth. Data units similar to the data unit 250 occupy
other suitable bandwidth such as 40 MHz, 80 MHz, 160 MHz, 320 MHz, 640 MHz, for example,
or other suitable bandwidths, in other embodiments.

[0043] In an embodiment, the data unit 250 is a downlink (DL) orthogonal frequency
division multiple access (OFDMA) data unit in which independent data streams are transmitted
to multiple client stations 154 using respective sets of OFDM tones and, in some cases respective
spatial streams, allocated to the client stations 154. For example, in an embodiment, available
OFDM tones (e.g., OFDM tones that are not used as DC tone and/or guard tones) are segmented
into multiple resource units (RUs), and each of the multiple RUs is allocated to transmissions to
one or more client stations 154. The data unit 250 is similar to the data unit 200 of Fig. 2A, and
like-numbered elements are not described again in detail for purposes of brevity.

[0044] The data unit 250 includes a preamble 252 similar to the preamble 202 (Fig. 2A).

The preamble 252 includes an HE portion 254 similar to the HE portion 244 (Fig. 2A). The HE
portion 254 includes an HE signal field (HE-SIG-B) 260.

[0045] In an embodiment in which a data unit similar to the data unit 250 occupies a
cumulative bandwidth other than 20 MHz, the HE-SIG-B 260 is repeated over a corresponding
number of 20 MHz sub-bands of the whole bandwidth of the data unit. In another embodiment
in which a data unit similar to the data unit 250 occupies a cumulative bandwidth other than 20
MHz, the HE-SIG-B 260 includes different channel-specific portions corresponding to different
20 MHz sub-bands of the whole bandwidth of the data unit, and the different channel specific
portions are transmitted in parallel in the corresponding 20 MHz sub-bands of the whole
bandwidth of the data unit 250.

[0046] The HE-SIG-A 220 and the HE-SIG-B 260 generally carry information about the
format of the data unit 250, such as information needed to properly decode at least a portion of
the data unit 250, in an embodiment. The HE-SIG-A 220 carries information commonly needed

by multiple intended receivers of the data unit 250. On the other hand, the HE-SIG-B 260
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carries user-specific information individually needed by each intended receiver of the data unit
250. In an embodiment, HE-SIG-A 220 includes information needed to properly decode HE-
SIG-B 260, and HE-SIG-B 260 includes information needed to properly decode data streams in
the data portion 240 of the data unit 250.

[0047] Fig. 3 is a diagram of a multi-user PHY data unit 300 that the network interface
device 122 (Fig. 1) is configured to transmit to multiple client stations 154, according to an
embodiment. The network interface device 162 (Fig. 1) may also be configured to generate and
transmit data units the same as or similar to the data unit 250. The data unit 300 occupies an 80
MHz bandwidth (e.g., an 80 MHz composite communication channel). Data units similar to the
data unit 300 occupy other suitable bandwidth such as 40 MHz, 120 MHz, 160 MHz, 320 MHz,
640 MHz, etc., for example, or other suitable bandwidths, in other embodiments.

[0048] In an embodiment, the data unit 300 is a downlink (DL) OFDMA data unit in which
independent data streams are transmitted to multiple client stations 154 using respective sets of
OFDM tones and, in some cases respective spatial streams, allocated to the client stations 154.
[0049] The data unit 300 includes a PHY preamble 304 and a PHY data portion 308. The
PHY preamble 304 includes a legacy portion 312 and an HE portion 316.

[0050] The legacy portion 312 includes L-STFs 205, L-LTFs 210, and L-SIGs 215. In an
embodiment, each L-STF 205, L-LTF 210, and L-SIG 215 spans an individual component
channel (e.g., a subchannel of an OFDM communication channel) of a composite
communication channel (e.g., the entire OFDM communication channel) and is duplicated in
other individual component channels. For example, in an embodiment, each L-STF 205, L-LTF
210, and L-SIG 215 spans an individual 20 MHz component channel and is duplicated in other
individual 20 MHz component channels.

[0051] The HE portion 216 includes RL-SIGs 218, HE-SIGAs 220, HE-SIGBs 260, HE-STF
225, one or more HE-LTF(s) 230. In an embodiment, each HE-SIG-A 220 spans an individual
component channel and is duplicated in other individual component channels. For example, in
an embodiment, each HE-SIGA 220 spans an individual 20 MHz component channel and is
duplicated in other individual 20 MHz component channels. In other embodiments, respective
HE-SIGAs 220 in respective individual channels are not duplicates but rather may include

different information.
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[0052] In an embodiment, respective HE-SIGBs 260 span respective individual component
channels similar to the HE-SIGAs 220. In some embodiments, at least one of the HE-SIGBs 260
includes different information than another HE-SIGB 260.

[0053] Each of the HE-STF 225 and the HE-LTF(s) 230 span the composite communication
channel, in an embodiment.

[0054] In some embodiments, the preamble 304 omits one or more fields illustrated in Fig. 3
(e.g., HE-SIGBs 260). In some embodiments, the preamble 304 includes additional fields not
illustrated in Fig. 3.

[0055] Fig. 4 is a diagram of an MPDU 400, according to an embodiment. The MPDU 400
includes a MAC header 402, a frame body 416, and a frame check sequence field 418. In
various embodiments, at least a portion of the MPDU 400 generally conforms to the IEEE
Standard for Information Technology, Part 11: Wireless LAN Medium Access Control (MAC)
and Physical Layer (PHY) Specifications, Amendment 4, Enhancements for Very High
Throughput for Operation in Bands below 6 GHz, 2013 (“the IEEE 802.11ac-2013 standard”),
the disclosure of which is incorporated herein by reference in its entirety. The number above
each field in Fig. 4 indicates the number of octets (“Octet Length”) or bits (“Bit Length”)
occupied by the corresponding field. Accordingly, the MAC header 402 includes a frame control
field 404 (2 octets), a duration/ID field 406 (2 octets), a first address (A1) field 408-1 (6 octets),
a second address (A2) field 408-2 (6 octets), a third address (A3) field (6 octets) 408-3, a
sequence control field 410 (2 octets), a fourth address (A4) field 408-4 (6 octets), a QoS control
field 412 (2 octets), and an HT control field 414 (4 octets). The MPDU 400 also includes the
frame body 416 and the four-octet frame check sequence (FCS) field 418. In some
embodiments, the frame body 416 is omitted (e.g., a null data frame). Each of the address fields
408 is a 48 bit (6 octet) field that includes a globally unique MAC address of a device associated
with the MPDU 400, such as a transmitting device of the MPDU 400, a receiving device of the
MPDU 400, etc. In some embodiments, the MAC header 402 omits one or more fields
illustrated in Fig. 4 (e.g., address field A4 408-4, QoS Control field 412). In some embodiments,
the MAC header 402 includes additional fields not illustrated in Fig. 4.

[0056] In various embodiments, the MPDU 400 is a data frame, control frame, management

frame, or other suitable frame that repurposes the HT control field 414 to include suitable control
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information, as described below. In an embodiment, the HT Control field 414 is a high
efficiency (HE) variant HT Control field and thus differs from the HT Control field described in
the IEEE 802.11ac-2013 standard. In the embodiment shown in Fig. 4, the HE variant HT
control field 414 includes a very high throughput (VHT) indicator subfield 420 (1 bit), an HE
indicator subfield 422, and an aggregated control subfield 424 (30 bits).

[0057] The VHT indicator subfield 420 indicates whether the format of the HT control field
414 1s based on an HT format or on an VHT format, as described in IEEE 802.11ac, Section
8.2.4.6 HT Control field. Additionally, the HE indicator subfield 422 indicates whether the
format of the HT Control field 414 is based on the VHT format or the HE format. In an
embodiment, the VHT indicator subfield 420 and the HE indicator subfield 422, are set to a
value of 1 (or other suitable value) to indicate that the HT Control field 414 is an HE variant HT
Control field. In this embodiment, the HE variant HT Control field 414 includes the aggregated
control field 424, for example, instead of other fields associated with the HT or VHT variants of
the HT control field.

[0058] In various embodiments, the aggregated control subfield 424 includes one or more
control subfields 430 (430-0, 430-1, ... 430-N) and optionally, one or more padding bits 432
(e.g., to reach a total length of 30 bits for the aggregated control subfield 424). In an
embodiment, each control subfield 430 includes a control ID subfield 440 (4 bits) and a control
information subfield 442 (variable bit length), where the control ID subfield 440 indicates a fixed
length and format of the corresponding control information subfield 442.

[0059] In some scenarios, a plurality of MPDUs 400 are included in an aggregate MPDU (A-
MPDU, not shown), and thus the A-MPDU includes a plurality of HT Control fields 414. In an
embodiment, each MPDU within the A-MPDU includes HT Control fields 414 that have a same
value, and thus a device that receives the A-MPDU can skip decoding of subsequent HT Control
fields 414 in the A-MPDU. In other embodiments, different MPDUs within the A-MPDU carry
different instances of the HE variant HT Control field, and thus more than 30 bits of control
subfields 430 are available. In an embodiment where multiple MPDUs of the A-MPDU have
control subfields 430 with a same control ID subfield 440, the corresponding control information

(442) is the same.
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[0060] Fig. 5A is a diagram of an example control subfield 500 that includes an available
channel report, according to an embodiment. In some scenarios, a subchannel at a client station
154 is busy, while the subchannel appears available at the AP 114. The client station 154
provides the available channel report to the AP 114 to reduce the likelihood of a “wasted”
subchannel in a subsequent UL MU transmission, for example, where the AP 114 allocates a
subchannel to a first client station that cannot utilize the subchannel, while a second client station
could have utilized the subchannel during the UL MU transmission.

[0061] The control subfield 500 generally corresponds to the control subfield 430 and
includes a control ID subfield 502 (4 bits) and a subchannel bitmap 504 (8 bits), in an
embodiment. The control ID subfield 502 has a value indicating that the control subfield 500
includes the available channel report as the subchannel bitmap 504. In an embodiment, the
subchannel bitmap 504 includes one bit per subchannel of a composite OFDM communication
channel. In the embodiment shown in Fig. SA, the subchannel bitmap 504 includes 8 bits with
each bit corresponding to a 20 MHz subchannel of a 160 MHz composite OFDM communication
channel. In other embodiments, the subchannel bitmap 504 has 4 bits, 5 bits, or another suitable
length. In other embodiments, each bit corresponds to a 10 MHz subchannel, a 40 MHz
subchannel, or other suitable subchannel bandwidth.

[0062] In an embodiment, the client station 154 determines an availability of the subchannels
of the composite OFDM communication channel (e.g., via a carrier sense mechanism) and
generates values for the bits of the subchannel bitmap 504 to indicate whether the corresponding
subchannel is available for transmission and/or reception of an OFDM data unit by the client
station 154. As an example, a value of “1” indicates that the subchannel is busy/unavailable and
a value of “0” indicates that the subchannel is available.

[0063] Fig. 5B is an example sequence 550 of OFDM data units for providing an available
channel report to an AP, according to an embodiment. The sequence 550 includes downlink
non-HT (duplicate) PPDU with broadcast frames or downlink OFDMA data units 552 and 556,
which are transmitted by the AP 114 to multiple client stations 154 (e.g., client stations STAI,
STA2, STA3, and STA4), and also includes uplink OFDMA data units 554 and 558, which are
transmitted by at least some of the multiple client stations to the AP 114 in response to the

downlink OFDMA data units 552 and 556, in an embodiment.
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[0064] In an embodiment, the data unit 552 corresponds to a trigger frame or multiple trigger
frames for the multiple client stations STA1, STA2, STA3, and STA4. In response to the trigger
frame, each of the multiple client stations STAQ, STA1, STA2, and STA3 determines an
availability of one or more subchannels, generates a respective MPDU 400 with the control
subfield 500, and transmits an OFDM data unit 554-1, 554-2, 554-3, and 554-4, respectively, to
the AP 114 via sub-channels indicated in the trigger frame. For example, the OFDMA data unit
554 includes respective MPDUSs 400 that provide available channel reports from the multiple
client stations 154 to the access point 114. In an embodiment, the MPDU 400 is a QoS null
frame that omits the frame body 416.

[0065] In an embodiment, the AP 114 allocates sub-channels to the client stations based on
the available channel reports from the multiple client stations. In the embodiment shown in Fig.
5B, the AP 114 allocates sub-channels to the client stations STA1, STA2, and STA4 and
indicates the allocation in a trigger frame 556. In response to the trigger frame 556, the client
stations STA1, STA2, and STA4 transmit A-MPDUs within OFDM data units 558-1, 558-2, and
558-3, respectively, via sub-channels indicated in the trigger frame 556.

[0066] In some embodiments, the client station 154 generates the QoS Control field 412 of
the MPDU 400 in the OFDM data unit 554 to include buffer information corresponding to
MPDUs that are queued for transmission by the client station 154. In other embodiments, the
client station 154 generates a control subfield 430 of the MPDU 400 that includes buffer
information. In an embodiment, the AP 114 allocates the sub-channels based on the available
channel report and the buffer information.

[0067] Fig. 6 is a diagram of an example control subfield 600 that includes advised uplink
schedule (AUS) information, according to an embodiment. In some scenarios, a client station
154 provides an indication of requested parameters for a subsequent UL MU transmission. The
control subfield 600 generally corresponds to the control subfield 430 and includes a control ID
subfield 602 (4 bits), a preferred MCS subfield 620 (4 bits), a preferred bandwidth subfield 622
(3 bits), a start channel subfield 624 (3 bits), and a transmission power subfield 626 (6 bits), in an
embodiment. The control ID subfield 602 has a value indicating that the control subfield 600
includes the remaining fields 620, 622, 624, and 626. Although the remaining fields 620, 622,
624, and 626 have bit lengths of 4 bits, 3 bits, 3 bits, and 6 bits in the illustrated embodiment,
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one or more of the remaining fields have different bit lengths (i.e., more bits or fewer bits) in
other embodiments.

[0068] The preferred MCS subfield 620 indicates a preferred MCS that the client station 154
would prefer to use for the subsequent UL MU transmission. The preferred bandwidth subfield
622 indicates a bandwidth that the client station 154 would prefer to use for the subsequent UL
MU transmission. For example, the preferred bandwidth subfield 622 has a value corresponding
to 26 tones, 2x26 tones, 4x26 tones, 20 MHz, 40 MHz, 80 MHz, or other suitable radio resource
allocation. The start channel subfield 624 indicates a subchannel that the client station 154
would prefer to use for the subsequent UL MU transmission. For example, for a 160 MHz
composite OFDM channel, a value of 0 corresponds to a primary 20 MHz sub-channel, a value
of 1 corresponds to a second 20 MHz sub-channel, etc. The transmission power subfield 626
indicates a desired transmission power that the client station 154 would prefer to use for the
subsequent UL MU transmission.

[0069] Fig. 7A is a diagram of an example control subfield 700 that includes ownership
transfer information for a transmission opportunity (TXOP), according to an embodiment. In
some scenarios, a client station 154 that “owns” or has been assigned a first TXOP releases and
transfers the first TXOP to the AP 114 associated with the client station 154. The transfer of the
first TXOP allows the AP 114 to schedule an UL MU transmission that more efficiently utilizes
the composite OFDM channel as compared to an UL single user transmission. For example, the
client station 154 includes an MPDU with the control subfield 700 in an UL OFDM data unit to
the AP 114. In some embodiments, the MPDU includes the control subfield 700 and optionally,
buffer information corresponding to data MPDUs that are queued for transmission by the client
station 154.

[0070] The control subfield 700 generally corresponds to the control subfield 430 and
includes a control ID subfield 702 (4 bits) and an ownership transfer information subfield 704 (8
bits), in an embodiment. The control ID subfield 702 has a value indicating that the control
subfield 700 includes the ownership transfer information subfield 704. In an embodiment, the
ownership transfer information subfield 704 indicates a duration of the TXOP. In other
embodiments, the ownership transfer information subfield 704 has a bit length less than or more

than 8 bits. In an embodiment, the client station 154 indicates whether it requests an allocation
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in the remainder of the TXOP after transfer to the AP 114, for example, by providing an
indication in the ownership transfer information subfield 704. In another embodiment, the
indication is provided by the buffer information included in the MPDU (i.e., a non-zero buffer
value).

[0071] Fig. 7B is an example sequence 750 of OFDM data units for providing ownership
transfer information for a TXOP, according to an embodiment. The sequence 700 includes DL
OFDM data unit 754 and DL OFDM data unit 756, which are transmitted by the AP 114 to one
or more client stations 154 (e.g., client stations STA1, STA2), and also includes UL OFDM data
units 752 and UL OFDMA data units758, which are transmitted by at least some of the client
stations to the AP 114 in response to the DL data unit, in an embodiment.

[0072] In various embodiments, the client station 154 (STA1) generates the UL OFDM data
unit 752 to include the MPDU 400 with the control subfield 700. In the embodiment shown in
Fig. 7B, the MPDU 400 is a control frame, for example, a request to send (RTS) frame. In some
embodiments, the MPDU 400 in data unit 752 is a data frame or management frame with the
control subfield 700. In response to the UL OFDM data unit 752, the AP 114 transmits a clear to
send (CTS) frame to the client station 114 (STA1) to acknowledge the transfer of the TXOP.
The AP 114 generates the OFDM data unit 756 to include a trigger frame that indicates an
allocation of subchannels for the client stations (e.g., a subsequent UL MU transmission) during
a second TXOP. In the embodiment shown in Fig. 7B, the trigger frame indicates an allocation
of subchannels to client stations STA1 and STA2. In response to the trigger frame 756, the
client stations STA1 and STA2 transmit A-MPDUs within OFDM data units 758-1 and 758-2,
respectively, via sub-channels indicated in the trigger frame 756.

[0073] In the embodiment shown in Fig. 7B, the first TXOP and the second TXOP are two
separate TXOPs. In some scenarios, the first TXOP and the second TXOP have different
bandwidths. If the bandwidth of the second TXOP is wider than the bandwidth of the first
TXOP, then the time between the end of the first TXOP and the beginning of the second TXOP
is a priority interframe space (PIFS). If the bandwidth is the same or narrower, then the time
between the end of the first TXOP and the beginning of the second TXOP is a short interframe
space (SIFS).
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[0074] Fig. 8 is an example sequence 800 of OFDM data units for providing ownership
transfer information for a TXOP, according to an embodiment. The sequence 800 includes DL
OFDM data units 804 and 808 and DL. OFDM data unit 810, which are transmitted by the AP
114 to one or more client stations 154 (e.g., client stations STA1, STA2), and also includes UL
OFDM data units 802 and 806, which are transmitted by at least some of the client stations to the
AP 114, in an embodiment.

[0075] In the sequence 800, the client station STA1 transmits one or more UL OFDM data
units 802 and 806 with A-MPDUs during the first TXOP. In the A-MPDU of the UL OFDM
data unit 806, the client station STAT1 includes the MPDU 400 with the control subfield 700 to
transfer the TXOP to the AP 114. The AP 114 acknowledges the UL OFDM data units 802 and
806 with block acknowledgments (BA) in the DL OFDM data units 804 and 808. In an
embodiment, the AP 114 includes an acknowledgment of the transfer of the TXOP in the BA of
the DL OFDM data unit 808. The DL OFDM data unit 810 generally corresponds to the DL
OFDM data unit 756 and includes a trigger frame that indicates an allocation of subchannels for
the client stations.

[0076] In the embodiments shown in Fig. 7B and Fig. 8, the first TXOP and a second TXOP
that includes the UL MU transmission are two separate TXOPs. In other embodiments, the first
TXOP and the second TXOP are the same TXOP (e.g., the second TXOP has a duration
corresponding to a remaining duration of the first TXOP). In one scenario, the UL OFDM data
units and the DL OFDM data units have a same bandwidth, for example, according to the
bandwidth rules of the TXOP. In another scenario, the UL OFDM data units and the DL OFDM
data units have different bandwidths, where a wider bandwidth corresponds to a PIFS between
the trigger frame and preceding frame (e.g., CTS or BA).

[0077] Fig. 9 is a diagram of an example control subfield 900 that includes spatial reuse
parameters, according to an embodiment. In some scenarios, a client station 154 provides spatial
reuse parameters to the AP 114 in the control subfield 900 in a data frame, management frame,
or control frame, and thus spatial reuse is supported without new frame definitions specific to
spatial reuse. The AP 114 utilizes the spatial reuse parameters for simultaneous PPDU

transmissions from neighbor BSSs during a TXOP. In other scenarios, the AP 114 provides
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spatial reuse parameters to client stations 154 and APs in neighbor BSSs in the control subfield
900.

[0078] The control subfield 900 generally corresponds to the control subfield 430 and
includes a control ID subfield 902 (4 bits), a transmission power subfield 920 (6 bits), an
interference tolerance subfield 922 (3 bits), and a basic service set (BSS) color subfield 924 (3
bits), in an embodiment. The control ID subfield 902 has a value indicating that the control
subfield 900 includes the remaining subfields 920, 922, and 924. Although the remaining fields
920, 922, and 924 have bit lengths of 6 bits, 3 bits, and 3 bits in the illustrated embodiment, one
or more of the remaining fields have different bit lengths (i.e., more bits or fewer bits) in other
embodiments.

[0079] The transmission power subfield 920 indicates a transmission power of the PPDU that
carries the control subfield 900. The interference tolerance subfield 922 indicates a tolerance to
interference during reception of PPDUs at the client station 154 that transmits the control
subfield 900. The BSS color subfield 924 identifies the AP 114 with which the client station 154
is associated. The spatial reuse parameters provided by subfields 920, 922, and 924 allow for
improved utilization of OFDM channels and power saving by early identification of signals from
overlapping BSSs and interference management. For example, the AP 114 receives the control
subfield 900 from a client station STA?2 that is not associated with the AP 114 (i.e., STA2 is
associated with a different BSS, as indicated by the BSS color subfield 924). The AP 114
estimates a path loss between the AP 114 and the client station STA2. Based on the path loss,
the AP 114 utilizes a transmission power for PPDUSs to a client station STA1 so that the
transmission power, minus the path loss, is less than the tolerance to interference during
reception of the client station STA2. By adjusting the transmission power, the AP 114 can
transmit PPDUs to the client station STA1 simultaneously with reception of other PPDUs (e.g.,
from a different AP) by the client station STA2.

[0080] Fig. 10 is a diagram of an example allocation table 1000 of indices for indicating an
RU allocation to a client station for a subsequent UL MU acknowledgement transmission, in an
embodiment. An index from the allocation table 1000 can be provided as UL MU response
scheduling information, as described below. In an embodiment, if the DL MU transmission

bandwidth is 160MHz or 80+80MHz, the DL MU transmission in one 80MHz channel is
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acknowledged by an acknowledgment frame, block acknowledgment frame, or multi-station
block acknowledgment frame in the same 80MHz channel. In some embodiment, if the DL MU
transmission bandwidth is 160MHz or 80+80MHz, the DL MU transmission in one SOMHz
channel is acknowledged by an acknowledgment frame, block acknowledgment frame, or multi-
station block acknowledgment frame in any 8OMHz channel. With this embodiment, an
additional bit in the allocation table 1000, e.g., utilizing an 8 bit index, indicates whether the
allocated RU is in the primary 80MHz channel or secondary 80MHz channel.

[0081] Fig. 11A is a diagram of an example control subfield 1100 that includes UL MU
response scheduling information, according to an embodiment. The UL MU response
scheduling information is provided to multiple client stations for an HE trigger-based PPDU that
carries an immediate acknowledgment and follows the DL MU PPDU that contains the control
subfield 1100. The control subfield 1100 generally corresponds to the control subfield 430 and
includes a control ID subfield 1102 (4 bits), an UL PPDU length subfield 1104 (5 bits), a DL
transmission power subfield 1106 (5 bits), a target UL reception power subfield 1108 (5 bits), a
resource unit (RU) allocation subfield 1110 (8 bits), and a start spatial stream subfield 1112 (3
bits), in an embodiment. Other parameters for the UL MU transmission can be included in the
control subfield 1100, or can be the same as the DL MU transmission that solicits the UL MU
transmission. If those parameters of UL MU transmission are different from the DL soliciting
MU PPDU, a trigger frame is used to provide the parameters instead of the control subfield 1100.
[0082] The control ID subfield 1102 has a value indicating that the control subfield 1100
includes the remaining subfields 1104, 1106, 1108, 1110, and 1112. Although the remaining
fields have bit lengths of 5 bits, 5 bits, 5 bits, 8 bits, and 3 bits, in the illustrated embodiment, one
or more of the remaining fields have different bit lengths (i.e., more bits or fewer bits) in other
embodiments.

[0083] The UL PPDU length subfield 1104 provides an indication of the number of OFDM
symbols for a portion of the UL MU responding PPDU 200 that contains the acknowledgement,
for example, the portion of the PHY data unit 200 after the HE preamble 244 (e.g., the PHY data
portion 308). The UL PPDU length subfield 1104 corresponds to the number of OFDM symbols
instead of a time interval (e.g., microseconds) to reduce the length of the subfield 1104. For

example, a 9-bit length indicator for microseconds (us) can indicate up to 512 ps with 1 ps
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granularity and 1024 ps with 2 ps granularity. However, by using a number of OFDM symbols,
a 6-bit length indicator can indicate as long as (276) * (12.8 ps symbol length + 0.8 ps guard
interval) + legacy preamble portion 242 length + HE preamble portion 244 length, which is
greater than 870 ps, and a 5-bit length indicator can indicate as long as (2°5) * (12.8 pus +0.8 ps)
+ legacy preamble portion 242 length + HE preamble portion 244 length, which is greater than
435.2 ps.

[0084] The DL transmission power subfield 1106 indicates a transmission power with which
the DL MU PPDU 200 that contains the control subfield 1100 was transmitted by the AP 114.
The target UL reception power subfield 1108 corresponds to a desired reception power of the UL
MU acknowledgement transmission to be received by the AP 114. In an embodiment, the client
station 154 estimates the path loss between the AP 114 and itself based on the DL transmission
power subfield 1106 and a receive power of the PPDU 200 from the AP 114. The client station
154 determines a transmission power for an UL transmission to the PPDU 200 based on the
target UL reception power subfield 1108 and the path loss.

[0085] In various embodiments, the target UL reception power subfield 1108 indicates a
reception power between -90+x dBm to -59+x dBm in 5 bits with 1 dB increments where x is a
first preconfigured constant, -90+x dBm to -43.54+x dBm in 5 bits with 3/2 dB increments where
x is a second preconfigured constant, or -90+x dBm to -27+x dBm in 6 bits with 1 dB increments
where x is a third preconfigured constant. In an embodiment, a most recent path loss from the
AP 114 calculated based on a received trigger frame or beacon frame is used by the client station
154 to calculate the transmission power for the UL transmission by the client station 154. In
other embodiments, the DL transmission power subfield 1106 indicates the transmission power.
In various embodiments, the DL transmission power subfield 1106 indicates a reception power
between 23-x dBm to -8-x dBm in 5 bits with 1 dB increments, where x is a first preconfigured
value, 23-x dBm to -23.5-x dBm in 5 bits with 3/2 dB increments where x is a second
preconfigured value, or 23-x dBm to -40+x dBm in 6 bits with 1 dB increments where x is a
third preconfigured value.

[0086] The RU allocation subfield 1110 indicates an allocation of radio resources for the UL
MU transmission. In an embodiment, the RU allocation subfield 1110 includes a first bit that

indicates whether the allocated RU is located in the primary or non-primary 80 MHz sub-channel
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(i.e., O for primary, 1 for non-primary) and seven additional bits that correspond to an index of
the allocation table 1000.

[0087] The start spatial stream subfield 1112 indicates a spatial stream in which the UL
transmission should be transmitted when the UL transmission is part of a multi-user, multiple
input multiple output (MU-MIMO) transmission. In some embodiments, more than one spatial
stream is available for a single client station and the control subfield 1100 includes an additional
subfield (not shown) to indicate a number of spatial streams to be used for the UL
acknowledgment.

[0088] Fig. 11B is a diagram of an example control subfield 1150 that includes UL MU
response scheduling information, according to another embodiment. The control subfield 1150
is generally similar to the control subfield 1100, but omits the DL transmission power subfield
1106 and further includes an optional MCS subfield 1152 (3 bits). The MCS subfield 1152
indicates which MCS should be used for the UL acknowledgment, with values corresponding to
MCS0 to MCS7, in an embodiment. In other embodiments, the MCS subfield 1152 is omitted
and each client station determines the MCS based on MCS selection rules (e.g., the maximal
mandatory MCS which is less than the DL MU MCS) or selects the most robust MCS that can fit
in UL RU bandwidth and PPDU length.

[0089] Fig. 12 is a diagram of an example control subfield 1200 that includes UL MU
response scheduling information, according to yet another embodiment. The control subfield
1200 generally corresponds to the control subfield 1100, but includes the control ID subfield
1102, the UL PPDU length subfield 1104, the DL transmission power subfield 1106, the target
UL reception power subfield 1108, the RU allocation subfield 1110, and optionally the MCS
subfield 1152.

[0090] Fig. 13A and Fig. 13B are diagrams of example control subfields 1300 and 1350 that
include UL MU response scheduling information for either an UL MU-MIMO transmission
(1300) or a non-MU-MIMO transmission (1350). The control subfield 1300 and control subfield
1350 each include the control ID subfield 1102 and a MU-MIMO indicator subfield 1302. The
MU-MIMO indicator subfield 1302 indicates whether the remaining fields correspond to the
control subfield 1300 or the control subfield 1350. For example, a value of 1 corresponds to the

control subfield 1300 and a value of O corresponds to the control subfield 1350. The control
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subfield 1300 further includes the UL PPDU length subfield 1104, the DL transmission power
subfield 1106, the target UL reception power subfield 1108, the start spatial stream subfield
1112, and optionally the MCS subfield 1152. The control subfield 1350 further includes the UL
PPDU length subfield 1104, the DL transmission power subfield 1106, the target UL reception
power subfield 1108, the RU allocation subfield 1110, and optionally the MCS subfield 1152.
[0091] Fig. 14 is a flow diagram of an example method 1400 for transmitting a subchannel
availability for an UL MU transmission (e.g., UL OFDMA data unit 558), according to an
embodiment. In some embodiments, the network interface device 162 of Fig. 1 is configured to
implement the method 1400. The method 1400 is described, however, in the context of the
network interface device 162 merely for explanatory purposes and, in other embodiments, the
method 1400 is implemented by another suitable device, for example, the network interface
device 122.

[0092] At block 1402, the network interface device 162 determines an availability of one or
more subchannels of an OFDM channel for the UL MU transmission. For example, the network
interface device 162 utilizes a carrier sense (CS) mechanism to determine whether the
subchannels are busy or idle.

[0093] At block 1404, the network interface device 162 generates a High Throughput (HT)
Control field of a media access control (MAC) header that includes an indication of the
determined availability of the one or more subchannels. For example, the network interface
device 162 generates the HT Control field 414 with the control subfield 500. In an embodiment,
the control subfield 500 includes the indication of availability of the one or more subchannels as
a bitmap having one bit per subchannel of the one or more subchannels, for example, the
subchannel bitmap subfield 504. In an embodiment, the HT Control field further includes buffer
information corresponding to MPDUSs that are queued for transmission by the network interface
device 162. In an embodiment, the HT Control field is an HE variant HT Control field.

[0094] At block 1406, the network interface device 162 generates a MAC protocol data unit
(MPDU) that includes the HT Control field. For example, the network interface device 162
generates the MPDU 400 to include the HT Control field 414 with the control subfield 500. In

an embodiment, the network interface device 162 generates a QoS Control field (e.g., QoS
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Control field 412) for the MPDU that includes buffer information corresponding to MPDUs that
are queued for transmission by the network interface device 162.

[0095] At block 1408, the network interface device 162 transmits the MPDU to a second
communication device via the OFDM channel for a subsequent allocation of radio resources for
the UL MU transmission by the second communication device. For example, the network
interface device 162 transmits the MPDU 400 to the AP 114.

[0096] In an embodiment, the network interface device 162 transmits the MPDU in response
to a first trigger frame (e.g., DL OFDM data unit 552) received from the second communication
device. The network interface device 162 receives a second trigger frame (e.g., DL OFDM data
unit 556) that includes an indication of an allocation of radio resources for the UL MU
transmission by the second communication device. The network interface device 162 generates
an OFDM data unit (e.g., one of OFDM data units 558-1, 558-2, or 558-3) of the UL MU
transmission. The network interface device 162 transmits the OFDM data unit using the
allocation of radio resources.

[0097] Fig. 15 is a flow diagram of an example method 1500 for transmitting an UL OFDM
data unit of an UL MU transmission, according to an embodiment. In some embodiments, the
network interface device 162 of Fig. 1 is configured to implement the method 1500. The method
1500 is described, however, in the context of the network interface device 162 merely for
explanatory purposes and, in other embodiments, the method 1500 is implemented by another
suitable device, for example, the network interface device 122.

[0098] At block 1502, the network interface device 162 receives, from a second
communication device (e.g., AP 114), a DL OFDMA or DL MU MIMO data unit that includes a
High Throughput (HT) Control field of a media access control (MAC) header, the HT Control
field including an indication of the number of OFDM symbols for a portion of the UL MU
OFDM data unit. For example, the indication of the number of OFDM symbols of UL PPDU
data portion is the UL PPDU length subfield 1104 of the control subfield 1100, 1150, 1200,
1300, or 1350.

[0099] In an embodiment, the HT Control field is an HE variant HT Control field and further
includes a radio resource allocation field (e.g., RU allocation subfield 1110) that indicates an

allocation of radio resources for the OFDM data unit of the UL MU transmission. The network
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interface device 162 transmits the UL OFDM data unit comprises transmitting the UL OFDM
data unit using the allocation of radio resources.

[0100] In an embodiment, the HT Control field is a HE variant HT Control field and further
includes 1) a DL transmission power field (e.g., DL transmission power subfield 1106) that
indicates a transmission power with which the DL OFDM data unit was transmitted, and ii) a
target UL reception power field (e.g., target UL reception power subfield 1108) that indicates a
desired reception power of the UL OFDM data unit by the second communication device. In this
embodiment, the network interface device 162 estimates a path loss, determines an UL
transmission power corresponding to the desired reception power based on the estimated path
loss, and transmits the UL OFDM data unit with the determined UL transmission power, as
described above with respect to Fig. 11A.

[0101] In an embodiment, the HT Control field is a HE variant HT Control field and further
includes a modulation and coding scheme (MCS) field (e.g., MCS subfield 1152) that indicates
the MCS to be used for the UL OFDM data unit. The network interface device 162 prepares the
UL MU acknowledgment frame with the indicated MCS.

[0102] At block 1504, the network interface device 162 generates the PHY data portion to
have a length corresponding to the indicated number of OFDM symbols.

[0103] At block 1506, the network interface device 162 generates the UL OFDM data unit to
include the PHY data portion.

[0104] At block 1508, the network interface device 162 transmits the UL OFDM data unit to
the second communication device.

[0105] Further aspects of the present invention relate to one or more of the following clauses.
[0106] In an embodiment, a method for transmitting a subchannel availability for an uplink
(UL) multi-user (MU) transmission includes: determining, by a first communication device, an
availability of one or more subchannels of an orthogonal frequency division multiplex (OFDM)
channel for the UL MU transmission; generating, by the first communication device, a High
Throughput (HT) Control field of a media access control (MAC) header that includes an
indication of the determined availability of the one or more subchannels; generating, by the first
communication device, a MAC protocol data unit (MPDU) that includes the HT Control field;

and transmitting, by the first communication device, the MPDU to a second communication
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device via the OFDM channel for a subsequent allocation of radio resources for the UL MU
transmission by the second communication device.

[0107] In other embodiments, the method includes any suitable combination of one or more
of the following features.

[0108] The indication of availability of the one or more subchannels is a bitmap having one
bit per subchannel of the one or more subchannels.

[0109] The HT Control field further includes buffer information corresponding to MPDUs’s
that are queued for transmission by the first communication device.

[0110] The method further includes generating, by the first communication device, a Quality
of Service (QoS) Control field that includes buffer information corresponding to MPDUs that are
queued for transmission by the first communication device.

[0111] The HT Control field is a high efficiency (HE) variant HT Control field.

[0112] The HE variant HT Control field includes 1) a control ID subfield that indicates that
the HE variant HT Control field includes the buffer information, and ii) a status report subfield
that indicates the number of bytes for the MPDUs that are queued for transmission.

[0113] Transmitting the MPDU to the second communication device includes transmitting
the MPDU in response to a first trigger frame received from the second communication device,
and the method further includes: receiving, by the first communication device and from the
second communication device, a second trigger frame that includes an indication of an allocation
of radio resources for the UL MU transmission by the second communication device; generating,
by the first communication device, an OFDM data unit of the UL MU transmission; and
transmitting, by the first communication device and to the second communication device, the
OFDM data unit using the allocation of radio resources.

[0114] In another embodiment, an apparatus for transmitting a subchannel availability for an
uplink (UL) multi-user (MU) transmission includes a network interface device associated with a
first communication device and having one or more integrated circuits (ICs) configured to:
determine an availability of one or more subchannels of an orthogonal frequency division
multiplex (OFDM) channel for the UL MU transmission; generate a High Throughput (HT)
Control field of a media access control (MAC) header that includes an indication of the

determined availability of the one or more subchannels; generate a MAC protocol data unit
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(MPDU) that includes the HT Control field; and transmit the MPDU to a second communication
device via the OFDM channel for a subsequent allocation of radio resources for the UL MU
transmission by the second communication device.

[0115] In other embodiments, the apparatus includes any suitable combination of one or
more of the following features.

[0116] The indication of availability of the one or more subchannels is a bitmap having one
bit per subchannel of the one or more subchannels.

[0117] The HT Control field further includes buffer information corresponding to MPDUs’s
that are queued for transmission by the first communication device.

[0118] The one or more ICs are further configured to generate a Quality of Service (QoS)
Control field that includes buffer information corresponding to MPDUs that are queued for
transmission by the first communication device.

[0119] The HT Control field is a high efficiency (HE) variant HT Control field.

[0120] The HE variant HT Control field includes 1) a control ID subfield that indicates that
the HE variant HT Control field includes the buffer information, and ii) a status report subfield
that indicates the number of bytes for the MPDUs that are queued for transmission.

[0121] The one or more ICs are further configured to: transmit the MPDU in response to a
first trigger frame received from the second communication device; receive, from the second
communication device, a second trigger frame that includes an indication of an allocation of
radio resources for the UL MU transmission by the second communication device; generate an
OFDM data unit of the UL MU transmission; and transmit, to the second communication device,
the OFDM data unit using the allocation of radio resources.

[0122] In an embodiment, a method for transmitting an uplink (UL) orthogonal frequency
division multiplex (OFDM) data unit of an UL multi-user (MU) transmission includes: receiving,
by a first communication device and from a second communication device, a downlink (DL)
OFDM data unit that includes a High Throughput (HT) Control field of a media access control
(MAC) header, the HT Control field including an indication of a number of OFDM symbols for
a data portion of the UL OFDM data unit; generating, by the first communication device, the
data portion of the UL OFDM data unit to have a length corresponding to the indicated number
of OFDM symbols; generating the UL OFDM data unit to include the data portion; and
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transmitting, by the first communication device, the UL OFDM data unit to the second
communication device.

[0123] In other embodiments, the method includes any suitable combination of one or more
of the following features.

[0124] The HT Control field is a high efficiency (HE) variant HT Control field and further
includes a radio resource allocation field that indicates an allocation of radio resources for the
OFDM data unit of the UL MU transmission. Transmitting the UL OFDM data unit includes
transmitting the UL OFDM data unit using the allocation of radio resources.

[0125] The HT Control field is a HE variant HT Control field and further includes 1) a DL
transmission power field that indicates a transmission power with which the DL OFDM data unit
was transmitted, and ii) a target UL reception power field that indicates a desired reception
power of the UL OFDM data unit by the second communication device. The method further
includes: estimating a path loss between the first communication device and the second
communication device; determining an UL transmission power corresponding to the desired
reception power based on the estimated path loss; and transmitting the UL OFDM data unit with
the determined UL transmission power.

[0126] The HT Control field is a HE variant HT Control field and further includes a
modulation and coding scheme (MCS) field that indicates the MCS to be used for the UL OFDM
data unit. The method further includes encoding the data portion with the indicated MCS.

[0127] In another embodiment, an apparatus for transmitting an uplink (UL) orthogonal
frequency division multiplex (OFDM) data unit of an UL multi-user (MU) transmission includes
a network interface device associated with a first communication device and having one or more
integrated circuits (ICs) configured to: receive, from a second communication device, a downlink
(DL) OFDM data unit that includes a High Throughput (HT) Control field of a media access
control (MAC) header, the HT Control field including an indication of a number of OFDM
symbols for a portion of the UL OFDM data unit; generate the data portion to have a length
corresponding to the indicated number of OFDM symbols; generate the UL OFDM data unit to
include the data portion; and transmit the UL OFDM data unit to the second communication

device.
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[0128] In other embodiments, the apparatus includes any suitable combination of one or
more of the following features.

[0129] The HT Control field is a high efficiency (HE) variant HT Control field and further
includes a radio resource allocation field that indicates an allocation of radio resources for the
OFDM data unit of the UL MU transmission. The one or more ICs are further configured to
transmit the UL OFDM data unit using the allocation of radio resources.

[0130] The HT Control field is a HE variant HT Control field and further includes 1) a DL
transmission power field that indicates a transmission power with which the DL OFDM data unit
was transmitted, and ii) a target UL reception power field that indicates a desired reception
power of the UL OFDM data unit by the second communication device. The one or more ICs
are further configured to: estimate a path loss between the first communication device and the
second communication device; determine an UL transmission power corresponding to the
desired reception power based on the estimated path loss; and transmit the UL OFDM data unit
with the determined UL transmission power.

[0131] The HT Control field is a HE variant HT Control field and further includes a
modulation and coding scheme (MCS) field that indicates the MCS to be used for the UL OFDM
data unit. The one or more ICs are further configured to encode the data portion with the
indicated MCS.

[0132] At least some of the various blocks, operations, and techniques described above may
be implemented utilizing hardware, a processor executing firmware instructions, a processor
executing software instructions, or any combination thereof. When implemented utilizing a
processor executing software or firmware instructions, the software or firmware instructions may
be stored in any computer readable memory such as on a magnetic disk, an optical disk, or other
storage medium, in a RAM or ROM or flash memory, processor, hard disk drive, optical disk
drive, tape drive, etc. The software or firmware instructions may include machine readable
instructions that, when executed by one or more processors, cause the one or more processors to
perform various acts.

[0133] When implemented in hardware, the hardware may comprise one or more of discrete
components, an integrated circuit, an application-specific integrated circuit (ASIC), a

programmable logic device (PLD), etc.
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[0134] While the present invention has been described with reference to specific examples,
which are intended to be illustrative only and not to be limiting of the invention, changes,

additions and/or deletions may be made to the disclosed embodiments without departing from

the scope of the invention.
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Claims

What is claimed is:

1. A method for transmitting a subchannel availability for an uplink (UL) multi-user (MU)
transmission, the method comprising:

determining, by a first communication device, an availability of one or more subchannels
of an orthogonal frequency division multiplex (OFDM) channel for the UL MU transmission;

generating, by the first communication device, a High Throughput (HT) Control field of a
media access control (MAC) header that includes an indication of the determined availability of
the one or more subchannels;

generating, by the first communication device, a MAC protocol data unit (MPDU) that
includes the HT Control field; and

transmitting, by the first communication device, the MPDU to a second communication
device via the OFDM channel for a subsequent allocation of radio resources for the UL MU

transmission by the second communication device.

2. The method of claim 1, wherein the indication of availability of the one or more

subchannels is a bitmap having one bit per subchannel of the one or more subchannels.

3. The method of claim 1, wherein the HT Control field further includes buffer information

corresponding to MPDU s that are queued for transmission by the first communication device.
4. The method of claim 1, the method further comprising: generating, by the first
communication device, a Quality of Service (QoS) Control field that includes buffer information

corresponding to MPDU s that are queued for transmission by the first communication device.

5. The method of claim 1, wherein the HT Control field is a high efficiency (HE) variant
HT Control field.
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6. The apparatus of claim 5, wherein the HE variant HT Control field includes 1) a control
ID subfield that indicates that the HE variant HT Control field includes the buffer information,
and ii) a status report subfield that indicates the number of bytes for the MPDUss that are queued

for transmission.

7. The method of claim 1, wherein:
transmitting the MPDU to the second communication device comprises transmitting the
MPDU in response to a first trigger frame received from the second communication device;
the method further comprises:
receiving, by the first communication device and from the second communication
device, a second trigger frame that includes an indication of an allocation of radio resources for
the UL MU transmission by the second communication device,
generating, by the first communication device, an OFDM data unit of the UL MU
transmission,
transmitting, by the first communication device and to the second communication

device, the OFDM data unit using the allocation of radio resources.

8. An apparatus for transmitting a subchannel availability for an uplink (UL) multi-user
(MU) transmission, the apparatus comprising:
a network interface device associated with a first communication device, wherein the

network interface device includes one or more integrated circuits (ICs) configured to:

determine an availability of one or more subchannels of an orthogonal frequency
division multiplex (OFDM) channel for the UL MU transmission;

generate a High Throughput (HT) Control field of a media access control (MAC)
header that includes an indication of the determined availability of the one or more subchannels;

generate a MAC protocol data unit (MPDU) that includes the HT Control field;
and

transmit the MPDU to a second communication device via the OFDM channel for
a subsequent allocation of radio resources for the UL MU transmission by the second

communication device.
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9. The apparatus of claim 8, wherein the indication of availability of the one or more

subchannels is a bitmap having one bit per subchannel of the one or more subchannels.

10. The apparatus of claim 8, wherein the HT Control field further includes buffer
information corresponding to MPDUSs that are queued for transmission by the first

communication device.

11. The apparatus of claim 8, wherein the one or more ICs are further configured to generate
a Quality of Service (QoS) Control field that includes buffer information corresponding to

MPDUs that are queued for transmission by the first communication device.

12. The apparatus of claim 8, wherein the HT Control field is a high efficiency (HE) variant
HT Control field.

13. The apparatus of claim 12, wherein the HE variant HT Control field includes 1) a control
ID subfield that indicates that the HE variant HT Control field includes the buffer information,
and ii) a status report subfield that indicates the number of bytes for the MPDUss that are queued

for transmission.

14. The apparatus of claim 8, wherein the one or more ICs are further configured to:

transmit the MPDU in response to a first trigger frame received from the second
communication device;

receive, from the second communication device, a second trigger frame that includes an
indication of an allocation of radio resources for the UL MU transmission by the second
communication device;

generate an OFDM data unit of the UL MU transmission; and

transmit, to the second communication device, the OFDM data unit using the allocation

of radio resources.
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15. A method for transmitting an uplink (UL) orthogonal frequency division multiplex
(OFDM) data unit of an UL multi-user (MU) transmission, the method comprising:

receiving, by a first communication device and from a second communication device, a
downlink (DL) OFDM data unit that includes a High Throughput (HT) Control field of a media
access control (MAC) header, the HT Control field including an indication of a number of
OFDM symbols for a portion of the UL MU OFDM data unit;

generating, by the first communication device, the data portion of the UL OFDM data
unit to have a length corresponding to the indicated number of OFDM symbols;

generating the UL OFDM data unit to include the data portion; and

transmitting, by the first communication device, the UL OFDM data unit to the second

communication device.

16. The method of claim 15, wherein:

the HT Control field is a high efficiency (HE) variant HT Control field and further
includes a radio resource allocation field that indicates an allocation of radio resources for the
OFDM data unit of the UL MU transmission; and

transmitting the UL OFDM data unit comprises transmitting the UL OFDM data unit

using the allocation of radio resources.

17. The method of claim 15, wherein:
the HT Control field is a HE variant HT Control field and further includes i) a DL
transmission power field that indicates a transmission power with which the DL OFDM data unit
was transmitted, and ii) a target UL reception power field that indicates a desired reception
power of the UL OFDM data unit by the second communication device;
the method further comprises:
estimating a path loss between the first communication device and the second
communication device,
determining an UL transmission power corresponding to the desired reception
power based on the estimated path loss, and

transmitting the UL OFDM data unit with the determined UL transmission power.
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18. The method of claim 15, wherein:
the HT Control field is a HE variant HT Control field and further includes a modulation
and coding scheme (MCS) field that indicates the MCS to be used for the UL OFDM data unit;

the method further comprises encoding the data portion with the indicated MCS.

19. An apparatus for transmitting an uplink (UL) orthogonal frequency division multiplex
(OFDM) data unit of an UL multi-user (MU) transmission, the apparatus comprising:
a network interface device associated with a first communication device, wherein the

network interface device includes one or more integrated circuits (ICs) configured to:

receive, from a second communication device, a downlink (DL) OFDM data unit
that includes a High Throughput (HT) Control field of a media access control (MAC) header, the
HT Control field including an indication of a number of OFDM symbols for a portion of the UL
OFDM data unit;

generate the data portion to have a length corresponding to the indicated number
of OFDM symbols;

generate the UL OFDM data unit to include the data portion; and

transmit the UL OFDM data unit to the second communication device.

20. The apparatus of claim 19, wherein:

the HT Control field is a high efficiency (HE) variant HT Control field and further
includes a radio resource allocation field that indicates an allocation of radio resources for the
OFDM data unit of the UL MU transmission; and

the one or more ICs are further configured to transmit the UL OFDM data unit using the

allocation of radio resources.
21. The apparatus of claim 19, wherein:

the HT Control field is a HE variant HT Control field and further includes i) a DL

transmission power field that indicates a transmission power with which the DL OFDM data unit
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was transmitted, and ii) a target UL reception power field that indicates a desired reception
power of the UL OFDM data unit by the second communication device;
the one or more ICs are further configured to
estimate a path loss between the first communication device and the second
communication device,
determine an UL transmission power corresponding to the desired reception
power based on the estimated path loss, and

transmit the UL OFDM data unit with the determined UL transmission power.

22. The apparatus of claim 19, wherein:
the HT Control field is a HE variant HT Control field and further includes a modulation
and coding scheme (MCS) field that indicates the MCS to be used for the UL OFDM data unit;
the one or more ICs are further configured to encode the data portion with the indicated

MCS.
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FIG. 14
1400
-
DETERMINE AVAILABILITY OF ONE OR MORE SUBCHANNELS ~ —— 1402

—— 1404
GENERATE HT CONTROL FIELD
——— 1406
GENERATE MPDU THAT INCLUDES HT CONTROL FIELD
—— 1408

TRANSMIT MPDU TO SECOND COMMUNICATION DEVICE
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FIG. 15
1500

RECEIVE DL OFDM DATA UNIT THAT INCLUDES HT CONTROL FIELD | 1502

'

GENERATE DATA PORTION TO HAVE LENGTH CORRESPONDING TO —— 1504
INDICATED NUMBER OF SYMBOLS

i

GENERATE THE UL OFDM DATA UNIT TO INCLUDE THE DATA  —— 1506
PORTION
TRANSMIT UL OFDM DATA UNIT TO SECOND COMMUNICATION ~ +— 1508

DEVICE
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