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HIGH EFFICIENCY ORTHOGONAL FREQUENCY DIVISION
MULTIPLEXING (OFDM) PHYSICAL LAYER (PHY)

Cross-References to Related A pplications

[0001] This disclosure claims the benefit of U.S. Provisional Patent Application No.
62/006,522, entitled “High Efficiency OFDM PHY for WLAN 802.11ax” and filed on
June 2, 2014, and U.S. Provisional Patent Application No. 62/027,425, entitled “High
Efficiency OFDM PHY for WLAN 802.11ax” and filed on July 22, 2014, the disclosures

of both of which are incorporated herein by reference in their entireties.

Field of the Disclosure

[0002] The present disclosure relates generally to communication networks and, more
particularly, to wireless local area networks that utilize orthogonal frequency division

multiplexing (OFDM).

Background

[0003] When operating in an infrastructure mode, wireless local area networks
(WLANS) typically include an access point (AP) and one or more client stations.

WLANS have evolved rapidly over the past decade. Development of WLAN standards
such as the Institute for Electrical and Electronics Engineers (IEEE) 802.11a, 802.11b,
802.11g, and 802.11n Standards 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 802.11a and 802.11g Standards specify a single-
user peak throughput of 54 Mbps, the IEEE 802.11n 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 throughputs, such as throughputs in the tens of Gbps range.
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Summary

[0004] In an embodiment, a method for generating a data unit for transmission via a
communication channel, the data unit conforming to a first communication protocol,
includes generating, at a communication device, one or more orthogonal frequency
division multiplexing (OFDM) symbols, wherein each OFDM symbol of the one or more
OFDM symbols (i) occupies a first bandwidth, (ii) is generated with a first tone spacing,
and (iii) includes a set of pilot tones. The first tone spacing is a fraction 1/N of a second
tone spacing, the second tone spacing defined for the first bandwidth by a second
communication protocol, wherein N is a positive integer greater than one. The set of
pilot tones includes a same number of pilot tones as defined for the first bandwidth by the
second communication protocol. The method additionally includes generating, at the
communication device, the data unit to include the one or more OFDM symbols in a data
portion of the data unit.

[0005] In another embodiment, an apparatus comprises a network interface device
having one or more integrated circuits configured to generate one or more orthogonal
frequency division multiplexing (OFDM) symbols for a data unit that conforms to a first
communication protocol, wherein each OFDM symbol of the one or more OFDM
symbols (i) occupies a first bandwidth, (ii) are generated with a first tone spacing, and
(ii1) includes a set of pilot tones. The first tone spacing is a fraction 1/N of a second tone
spacing, the second tone spacing defined for the first bandwidth by a second
communication protocol, wherein N is a positive integer greater than one. The set of
pilot tones includes a same number of pilot tones as defined for the first bandwidth by the
second communication protocol. The one or more integrated circuits are further
configured to generate the data unit to include the one or more OFDM symbols in a data

portion of the data unit.
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Brief Description of the Drawings

[0006] Fig. 1 is a block diagram of an example wireless local area network (WLAN)
10, according to an embodiment;
[0007] Figs. 2A-2B are diagrams of physical layer (PHY) data units, according to

several embodiments;

[0008] Figs. 3A-3C are diagrams illustrating orthogonal frequency division
multiplexing (OFDM) tone spacing used with OFDM symbols of a PHY data unit,

according to several embodiments;

[0009] Fig. 4 is a diagram illustrating a guard interval used with an OFDM symbol of a

data unit, according to an embodiment;

[0010] Fig. 5is a block diagram of a PHY processing unit, according to an

embodiment;

[0011] Fig. 6 is a block diagram of another PHY processing unit, according to another

embodiment;

[0012] Figs. 7-9 are tone maps corresponding to OFDM symbols, in several

embodiments;
[0013] Fig. 10 is a diagram of a PHY data unit, according to an embodiment;

[0014] Fig. 11 is a flow diagram of a method for generating a data unit, according to an

embodiment;

[0015] Fig. 12 is a flow diagram of a method for generating a data unit, according to

another embodiment.

Detailed Description

[0016] In embodiments described below, a wireless network device such as an access
point (AP) of a wireless local area network (WLAN) transmits data streams to one or

more client stations. The AP is configured to operate with client stations according to at
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least a first communication protocol. The first communication protocol is sometimes
referred herein as “high efficiency Wi-Fi,” “HEW” communication protocol, or IEEE
802.11ax communication protocol. In some embodiments, different client stations in the
vicinity of the AP are configured to operate according to one or more other
communication protocols which define operation in the same frequency band as the HEW
communication protocol but with generally lower data throughputs. The lower data
throughput communication protocols (e.g., IEEE 802.11a, IEEE 802.11n, and/or IEEE

802.11ac) are collectively referred herein as “legacy” communication protocols.

[0017] Fig. 1 is a block diagram of an example wireless local area network (WLAN)
10, according to an embodiment. An AP 14 includes a host processor 15 coupled to a
network interface device 16. The network interface device 16 includes a medium access
control (MAC) processing unit 18 and a physical layer (PHY) processing unit 20. The
PHY processing unit 20 includes a plurality of transceivers 21, and the transceivers 21
are coupled to a plurality of antennas 24. Although three transceivers 21 and three
antennas 24 are illustrated in Fig. 1, the AP 14 includes other suitable numbers (e.g., 1, 2,
4, 5, etc.) of transceivers 21 and antennas 24 in other embodiments. In one embodiment,
the MAC processing unit 18 and the PHY processing unit 20 are configured to operate
according to a first communication protocol (e.g., HEW communication protocol). In
another embodiment, the MAC processing unit 18 and the PHY processing unit 20 are
also configured to operate according to a second communication protocol (e.g., IEEE
802.11ac Standard). In yet another embodiment, the MAC processing unit 18 and the
PHY processing unit 20 are additionally configured to operate according to the second
communication protocol, a third communication protocol and/or a fourth communication

protocol (e.g., the IEEE 802.11a Standard and/or the IEEE 802.11n Standard).

[0018] The WLAN 10 includes a plurality of client stations 25. Although four client
stations 25 are illustrated in Fig. 1, the WLAN 10 includes other suitable numbers (e.g.,

1,2, 3,5, 6, etc.) of client stations 25 in various scenarios and embodiments. At least one
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of the client stations 25 (e.g., client station 25-1) is configured to operate at least
according to the first communication protocol. In some embodiments, at least one of the
client stations 25 is not configured to operate according to the first communication
protocol but is configured to operate according to at least one of the second
communication protocol, the third communication protocol and/or the fourth

communication protocol (referred to herein as a “legacy client station™).

[0019] The client station 25-1 includes a host processor 26 coupled to a network
interface device 27. The network interface device 27 includes a MAC processing unit 28
and a PHY processing unit 29. The PHY processing unit 29 includes a plurality of
transceivers 30, and the transceivers 30 are coupled to a plurality of antennas 34.
Although three transceivers 30 and three antennas 34 are illustrated in Fig. 1, the client
station 25-1 includes other suitable numbers (e.g., 1, 2, 4, 5, etc.) of transceivers 30 and

antennas 34 in other embodiments.

[0020] According to an embodiment, the client station 25-4 is a legacy client station,
i.e., the client station 25-4 is not enabled to receive and fully decode a data unit that is
transmitted by the AP 14 or another client station 25 according to the first communication
protocol. Similarly, according to an embodiment, the legacy client station 25-4 is not
enabled to transmit data units according to the first communication protocol. On the
other hand, the legacy client station 25-4 is enabled to receive and fully decode and
transmit data units according to the second communication protocol, the third

communication protocol and/or the fourth communication protocol.

[0021] In an embodiment, one or both of the client stations 25-2 and 25-3, has a
structure the same as or similar to the client station 25-1. In an embodiment, the client
station 25-4 has a structure similar to the client station 25-1. In these embodiments, the
client stations 25 structured the same as or similar to the client station 25-1 have the same
or a different number of transceivers and antennas. For example, the client station 25-2

has only two transceivers and two antennas, according to an embodiment.
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[0022] In various embodiments, the PHY processing unit 20 of the AP 14 is configured
to generate data units conforming to the first communication protocol and having formats
described herein. The transceiver(s) 21 is/are configured to transmit the generated data
units via the antenna(s) 24. Similarly, the transceiver(s) 24 is/are configured to receive
data units via the antenna(s) 24. The PHY processing unit 20 of the AP 14 is configured
to process received data units conforming to the first communication protocol and having
formats described herein and to determine that such data units conform to the first

communication protocol, according to various embodiments.

[0023] In various embodiments, the PHY processing unit 29 of the client device 25-1 is
configured to generate data units conforming to the first communication protocol and
having formats described herein. The transceiver(s) 30 is/are configured to transmit the
generated data units via the antenna(s) 34. Similarly, the transceiver(s) 30 is/are
configured to receive data units via the antenna(s) 34. The PHY processing unit 29 of the
client device 25-1 is configured to process received data units conforming to the first
communication protocol and having formats described hereinafter and to determine that
such data units conform to the first communication protocol, according to various

embodiments.

[0024] Fig. 2A is a diagram of a physical layer (PHY) orthogonal frequency division
multiplexing (OFDM) data unit 200 that the AP 14 is configured to transmit to a client
station (e.g., the client station 25-1) , according to an embodiment. In an embodiment,
the client station 25-1 is also configured to transmit the data unit 200 to the AP 14. The
data unit 200 conforms to the HEW communication protocol and occupies a 20 MHz
bandwidth. Data units similar to the data unit 200 occupy other suitable bandwidth such
as 40 MHz, 80MHz, 160MHz, 320MHz, 640MHz, for example, or other suitable
bandwidths, in other embodiments. The data unit 200 is suitable for “mixed mode”

situations, i.e., when the WLAN 10 includes a client station (e.g., the legacy client station
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25-4) that conforms to a legacy communication protocol, but not the first communication

protocol. The data unit 200 is utilized in other situations as well, in some embodiments.

[0025] The data unit 200 includes a preamble 202, which, in turn, includes a legacy
preamble portion 203 and a high efficiency WLAN (HEW) preamble portion 204. The
legacy preamble portion 202 includes an L-STF 205, an L-LTF 210, and an L-SIG 215.
The HEW preamble portion 203 includes one or more HEW signal field(s) (HEW-
SIGAC(s)) 220, an HEW short training field (HEW-STF) 225, M HEW long training fields
(HEW-LTFs) 230, where M is an integer, and an HEW signal field B (HEW-SIGB) 235.
Each of the L-STF 205, the L-LTF 210, the L-SIG 215, the HEW-SIGAs 220, the HEW-
STF 225, the M HEW-LTFs 230, and the HEW-SIGB 235 comprises an integer number
of one or more OFDM symbols. For example, in an embodiment, the HEW-SIGAs 220
comprise two OFDM symbols, and the HEW-SIGB field comprises one OFDM symbol,
in an embodiment. The L-SIG 215, the HEW-SIGAs 220 and the HEW-SIGB 235
generally carry formatting information for the data unit 200, in an embodiment. In some

embodiments, the data unit 200 also includes a data portion (HEW-DATA) 240.

[0026] In the embodiment of Fig. 2A, the data unit 200 includes one of each of the L-
STF 205, the L-LTF 210, the L-SIG 215, and the HEW-SIGA(s) 220. In other
embodiments in which an OFDM data unit similar to the data unit 200 occupies a
cumulative bandwidth other than 20MHz, each of the L-STF 205, the L-LTF 210, the L-
SIG 215, the HEW-SIGAC(s) 220 is repeated over a corresponding number of 20MHz sub-
bands of the whole bandwidth of the data unit, in an embodiment. For example, in an
embodiment, the OFDM data unit occupies an 80MHz bandwidth and, accordingly,
includes four of each of the L-STF 205, the L-LTF 210, the L-SIG 215, the HEW-
SIGA(s) 220. In some embodiments, the modulation of different 20 MHz sub-bands
signals is rotated by different angles. For example, in one embodiment, all OFDM tones
within a first subband are rotated O-degrees, all OFDM tones within a second subband is

rotated 90-degrees, a third sub-band is rotated 180-degrees, and a fourth sub-band is
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rotated 270-degrees. In other embodiments, different suitable rotations are utilized. The
different phases of the 20MHz sub-band signals result in reduced peak to average power
ratio (PAPR) of OFDM symbols in the data unit 200, in at least some embodiments. In
an embodiment, if the data unit that conforms to the first communication protocol is an
OFDM data unit that occupies a cumulative bandwidth such as 20MHz, 40MHz, 80MHz,
160MHz, 320MHz, 640MHz, etc., the HEW-STF, the HEW-LTFs, the HEW-SIGB and
the HEW data portion occupy the corresponding whole bandwidth of the data unit.

[0027] In an embodiment, the first communication protocol utilizes the same
channelization scheme as defined by a legacy communication protocol. For example, the
first communication protocol utilizes the same channelization scheme as defined in the
IEEE 802.11ac Standard. In this embodiment, the first communication protocol operates
with 20 MHz, 40 MHz, 80 MHz and 160 MHz communication channels. The 20 MHz,
40 MHz, 80 MHz and 160 MHz communication channels coincide, e.g., in center
frequencies, with the channels utilized by a legacy communication protocol (e.g., the
IEEE 802.11ac Standard). In an embodiment, however, the first communication protocol
defines a tone spacing that is different that the tone spacing defined by the legacy
communication protocol (e.g., the IEEE 802.11ac Standard). For example, the first
communication protocol defines a tone spacing that is a fraction 1/N of the tone spacing
defined by the legacy communication protocol, where N is a suitable integer greater than
one, in an embodiment. The integer N is an even integer (e.g., 2, 4, 6, 8, 10, etc.), in an
embodiment. The integer N is an integer that corresponds to a power of two (e.g., 2, 4, 8,
16, etc.), in an embodiment. The reduced tone spacing is used in the first communication
protocol to improve communication range compared to communication range supported
or achieved by a legacy communication protocol, in an embodiment. Additionally or
alternatively, the reduced tone spacing is used is the first communication protocol to
increase throughput compared to throughput achieved in a same bandwidth channel by a

legacy communication protocol.
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[0028] Fig. 2B is a diagram of an example orthogonal frequency division multiple
access (OFDMA) data unit 250, according to an embodiment. The OFDMA data unit
250 includes a plurality of OFDM data unit 252-1, 252-2 and 252-3. In an embodiment,
the AP 14 transmits the OFDM data units 252-1, 252-2, 252-3 to different client stations
25 via respective OFDM sub-channels within the OFDMA data unit 250. In another
embodiment, different client stations 25 transmit respective OFDM data units 252-1, 252-
2, 252-3 to the AP 14 in respective OFDM sub-channels within the OFDMA data unit
250. In this embodiment, The AP 14 receives the OFDM data units 252-1, 252-2, 252-3
from the client stations 25 via respective OFDM sub-channels of within the OFDMA data

unit 250, in this embodiment.

[0029] Each of the OFDM data units 252-1, 252-2, 252-3 conforms to a communication
protocol that supports OFDMA transmission, such as the HEW communication protocol,
in an embodiment. In an embodiment in which the OFDMA data unit 250 corresponds to
a downlink OFDMA data unit, the OFDMA data unit 250 is generated by the AP 14 such
that each OFDM data unit 252 is transmitted to a respective client station 25 via a
respective sub-channel of the WLAN 10 allocated for downlink transmission of the
OFDMA data unit 250 to the client station. Similarly, an embodiment in which the
OFDMA data unit 250 corresponds to an uplink OFDMA data unit, the AP 14 receives
the OFDM data units 252 via respective sub-channels of the WLAN 10 allocated for
uplink transmission of the OFDM data units 252 from the client stations, in an
embodiment. For example, the OFDM data unit 252-1 is transmitted via a first 20 MHZ
sub-channel of the WLAN 10, the OFDM data unit 252-2 is transmitted via a second 20
MHz sub-channel of the WLAN 10, and the OFDM data unit 252-3 is transmitted via a
40 MHz sub-channel of the WLAN 10, in the illustrated embodiment.

[0030] In an embodiment, each of the OFDM data units 252 includes a preamble
including one or more legacy short training fields (L-STF) 254, one or more legacy long

training fields (L-L'TF) 256, one or more legacy signal fields (L-SIG) 258, one or more
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first high efficiency WLAN signal field (HEW-SIG-A) 260, N HEW long training fields
(HEW-LTF) and a second HEW signal field (HEW-SIGB) 264. Additionally, each
OFDM data unit 252 includes a high efficiency WLAN data portion (HEW-DATA) 268.
In an embodiment, each L-LSF field 256, each L-LTF field 258, each L-SIG field 260
and each HEW-SIGA field 262 occupies a smallest bandwidth supported by the WLAN
10 (e.g., 20 MHz). In an embodiment, if an OFDM data unit 252 occupies a bandwidth
that is greater than the smallest bandwidth of the WLAN 10, then each L-LSF field 256,
each L-LTF field 258, each L-SIG field 260 and each HEW-SIGA field 262 is duplicated
in each smallest bandwidth portion of the OFDM data unit 252 (e.g., in each 20 MHz
portion of the data unit 252). On the other hand, each HEW-STF field 262, each HEW-
LTF field 264, each HEW-SIGB field 266 and each HEW data portion 268 occupies an
entire bandwidth of the corresponding OFDM data unit 252, in an embodiment. For
example, the OFDM data unit 252-3 occupies 40 MHz, wherein L-LSF field 256, the L-
LTF field 258, L-SIG field 260 and HEW-SIGA fields 262 is duplicated in the upper and
the lower 20 MHz bands of the OFDM data unit 252-3, while each of the HEW-STF field
262, each of the HEW-LTF fields 264, each of the HEW-SIGB field 266 and each of the
HEW data portion 268 occupies the entire 40 MHz bandwidth of the data unit 252, in the

illustrated embodiment.

[0031] In some embodiments, data for different client stations 25 is transmitted using
respective sets of OFDM tones assigned to the client stations 25, wherein a set OFDM
tones assigned to a client station 25 may correspond to a bandwidth that is smaller than
the smallest channel of the WLAN 10. For example, a set of OFDM tones assigned to a
client station 25 corresponds to a bandwidth that is smaller than 20MHz (e.g., SMHz,
10MHz, 15MHz, or any other suitable bandwidth less than 20 MHz), in an embodiment.
In an embodiment, if an OFDM data unit 252 occupies a bandwidth that is smaller than
the smallest bandwidth of the WLAN 10, then each L-LSF field 256, each L-LTF field
258, each L-SIG field 260 and each HEW-SIGA field 262 nonetheless occupies the entire
smallest bandwidth portion of the OFDM data unit 252 (e.g., in 20 MHz portion of the
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data unit 252). On the other hand, each HEW-STF field 262, each HEW-LTF field 264,
each HEW-SIGB field 266 and each HEW data portion 268 occupies the smaller
bandwidth of the corresponding OFDM data unit 252, in an embodiment. Generally, a
data unit 252 corresponds to any suitable number of OFDM tones within the data unit

250, in an embodiment.

[0032] A set of OFDM tones corresponding to a client station 25 is sometimes referred
to herein as a “resource unit (RU)”. In an embodiment, each OFDM data unit 252
corresponds to a client station 25 and to a resource unit assigned to the client station 25.
In various embodiments, an RU corresponding to a client station 25 includes a suitable
number of OFDM tones within the data unit 250. For example, an RU includes 26, 52,
106, 242, 484 or 996 OFDM tones, in some embodiments and/or scenarios. In other

embodiments, an RU includes other suitable numbers of OFDM tones.

[0033] In an embodiment, padding is used in one or more of the OFDM data units 252
to equalize lengths of the OFDM data units 252. Accordingly, the length of each of the
OFDM data units 252 correspond to the length of the OFDMA data unit 252, in this
embodiment. Ensuring that the OFDM data units 252 are of equal lengths synchronizes
transmission of acknowledgment frames by client stations 25 that receive the data units
252, in an embodiment. In an embodiment, each of one or more of the OFDM data units
252 is an aggregate MAC service data units (A-MPDU), which is in turn included in a
PHY protocol data unit (PPDU). In an embodiment, padding (e.g., zero-padding) within
one or more of the A-MPDUSs 252 is used to equalize the lengths of the data units 252,
and to synchronize transmission of acknowledgement frames corresponding to the

OFDMA data unit 250.

[0034] Figs. 3A-3C are diagrams illustrating OFDM tone spacing used with OFDM
symbols of a data unit, such as the data unit 200 of Fig. 2A or the data unit 250 of Fig.
2B, in some embodiments. Turning first to Fig. 3A, a tone spacing 300 corresponds to

tone spacing defined in a legacy communication protocol. For example, the tone spacing
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300 corresponds to the tone spacing defined in the IEEE 802.11ac Standard, in an
embodiment. In an embodiment, an OFDM symbol generated with the tone spacing 300
for a particular bandwidth is generated using an Inverse Digital Fourier Transform
(IDFT) size that results in a tone spacing (TS) of 312.5 kHz in the particular bandwidth.
For example, an OFDM symbol generated with the tone spacing 300 for a 20 MHz
bandwidth is generated using a 64 point IDFT, resulting in the tone spacing (TS) of 312.5
kHz, in an embodiment. Similarly, an OFDM symbol generated with the tone spacing
300 for a 40 MHz bandwidth is generated using a 128 point IDFT, an OFDM symbol
generated with the tone spacing 300 for an 80 MHz bandwidth is generated using a 256
point IDFT, an OFDM symbol generated with the tone spacing 300 for a 160 MHz
bandwidth is generated using a 512 point IDFT, etc., in an embodiment. Alternatively, in
some embodiments, an OFDM symbol generated for at least some of the channel
bandwidths is generated using an IDFT size that results in a tone spacing (TS) of 312.5
kHz in a sub-band of the entire bandwidth. In such embodiments, multiple sub-bands of
the OFDM symbol are individually generated using the IDFT size that results in the tone
spacing (TS) of 312.5 kHz in the individual sub-bands. For example, an OFDM symbol
for a 160 MHz-wide channel is generated using a 256 point IDFT in each one of the two
80 MHz sub-bands of the 160 MHz-wide channel, in an embodiment.

[0035] Turning now to Fig. 3B, a tone spacing 320 is reduced by a factor 2 (1/2) with
respect to the tone spacing 300 of Fig. 3A. For example, continuing with the example
above, whereas on OFDM symbol generated with the tone spacing 300 for a 20 MHz
bandwidth is generated using a 64 point IDFT, an OFDM symbol generated with the tone
spacing 320 for a 20 MHz bandwidth is generated using a 128 point IDFT, resulting in
the 1/2 of the tone spacing 300 of Fig. 3A (i.e., 156.25 kHz). Similarly, an OFDM
symbol generated with the tone spacing 320 for a 40 MHz-wide channel is generated
using a 256 point IDFT, an OFDM symbol generated with the tone spacing 320 for an 80
MHz bandwidth channel is generated using a 512 point IDFT, an OFDM symbol
generated with the tone spacing 320 for a 160 MHz bandwidth channel is generated using
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a 1024 point IDFT, etc., in an embodiment. Alternatively, in some embodiments, an
OFDM symbol generated for at least some of the channel bandwidths is generated using
an IDFT size that results in a tone spacing (TS) of 156.25 kHz in a sub-band of the entire
bandwidth. In such embodiments, multiple sub-bands of the OFDM symbol are
individually generated with the IDFT size that results in the tone spacing (TS) of 312.5
kHz in the individual sub-bands. For example, an OFDM symbol for a 160 MHz
bandwidth channel is generated using a 512 point IDFT in each one of the two 80 MHz
sub-bands of the 160 MHz bandwidth channel, in an embodiment.

[0036] Turning now to Fig. 3C, a tone spacing 350 is reduced by a factor 4 (1/4) with
respect to the tone spacing 300 of Fig. 3A. For example, continuing again with the
example above, whereas an OFDM symbol generated with the tone spacing 300 for a 20
MHz bandwidth is generated using a 64 point IDFT, an OFDM symbol generated with
the tone spacing 350 for a 20 MHz bandwidth is generated using a 256 point IDFT,
resulting in the 1/4 of the tone spacing 300 of Fig. 3A (i.e., 78.125 kHz), in an
embodiment. Similarly, an OFDM symbol generated with the tone spacing 350 for a 40
MHz bandwidth channel is generated using a 512 point IDFT, an OFDM symbol
generated with the tone spacing 350 for an 80 MHz bandwidth channel is generated using
a 1024 point IDFT, an OFDM symbol generated with the tone spacing 350 for a 160
MHz bandwidth channel is generated using a 2048 point IDFT, etc., in an embodiment.
Alternatively, in some embodiments, an OFDM symbol generated for at least some of the
channel bandwidths is generated using an IDFT size that results in a tone spacing (TS) of
78.125 kHz in a sub-band of the entire bandwidth. In such embodiments, multiple sub-
bands of the OFDM symbol are individually generated with the IDFT size that results in
the tone spacing (TS) of 312.5 kHz in the individual sub-bands. For example, an OFDM
symbol for a 160 MHz bandwidth channel is generated using a 512 point IDFT each one
of the 80 MHz sub-bands of the 160 MHz bandwidth channel, in an embodiment. As just
another example, an OFDM symbol for a 40 MHz bandwidth channel is generated using
a 256 point IDFT in each one of the 20 MHz sub-bands of the 40 MHz bandwidth
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channel, in an embodiment. As yet another example, in yet another embodiment, an
OFDM symbol for an 80 MHz bandwidth channel is generated using a 256 point IDFT in
each one of the four 20 MHz sub-bands of the 80 MHz bandwidth channel, in an

embodiment.

[0037] A tone spacing defined in a legacy communication protocol, such as the tone

spacing 300 of Fig. 3A, is sometimes referred to herein as “normal tone spacing” and a
tone spacing that is smaller than the tone spacing defined by the legacy communication
protocol, such as the tone spacing 320 of Fig. 3B and the tone spacing 350 of Fig. 3C is

sometimes referred to herein as “reduced tone spacing.”

[0038] Generally speaking symbol duration of an OFDM symbols, in time, is inversely
proportional to the tone spacing used with the OFDM symbol. That is, if Af corresponds
to the tone spacing used with an OFDM symbol, then the time symbol duration of the
OFDM symbol is T = 1/Af. Accordingly, a relatively smaller tone spacing used with an
OFDM symbol results in a relatively larger symbol duration of the OFDM symbol, and
vice versa, in an embodiment. For example, a tone spacing of Af=312.5 kHz as in Fig.
3A results in an OFDM symbol duration of 3.2us, while a tone spacing of Af=156.25
kHz as in Fig. 3B results in an OFDM symbol duration of 6.4us, in an embodiment.
Further, a sampling rate at which a receiving device needs to sample the OFDM symbol
is inversely proportional to the IDFT size (number of points) used to generate the OFDM
symbol. In particular, in an embodiment, if Ny is the IDFT size used to generate the
OFDM symbol, then the sampling rate at which the receiving device needs to sample the

OFDM symbol is T/Ngg, where T is the OFDM symbol duration (T = 1/Af).

[0039] In an embodiment, the first communication protocol defines a set of guard
intervals of different lengths that may be used with OFDM symbols to prevent or
minimize intersymbol interference at the receiver caused by multipath propagation in the
communication channel. Generally speaking, a sufficiently long guard interval is needed

to mitigate interference based on the delay spread of the particular channel being utilized,
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in an embodiment. On the other hand, a relatively shorter guard interval, particularly in
terms of a ratio of the guard interval relative to a length of the OFDM symbol and,
accordingly, amount of “useful” data that can be transmitted in the OFDM symbol,
generally results in a smaller overhead associated with the guard interval and improves

overall throughput, in an embodiment.

[0040] Fig. 4 is a diagram illustrating a guard interval used with an OFDM symbol of a
data unit, such as the data unit 200 of Fig. 2A or the data unit 250 of Fig. 2B, according
to an embodiment. In an embodiment, a guard interval portion 402 is pre-pended to an
information portion of the OFDM symbol 404. In an embodiment, the guard interval
comprises a cyclic prefix repeating an end portion of the information portion 504. In an
embodiment, the guard interval portion 402 is used to ensure orthogonality of OFDM
tones at a receiving device (e.g., the client station 25-1) and to minimize or eliminate
inter-symbol interference due to multi-path propagation in the communication channel

via which the OFDM symbol is transmitted.

[0041] According to an embodiment, the length of the guard interval portion 402 to be
used with particular OFDM symbols of the data unit 200 is selected from a set of guard
intervals supported by the HEW communication protocol. For example, the set of guard
intervals supported by the HEW communication protocol includes 0.4us, 0.8us, 1.6us,
and 3.2us guard intervals. In other embodiments, the set of guard intervals supported by
the HEW communication protocol exclude one or more of 0.4us, 0.8us, 1.6us, and 3.2us
and/or include one or more suitable guard intervals other than 0.4us, 0.8us, 1.6us, and
3.2us instead of or in addition to the guard intervals 0.4us, 0.8us, 1.6us, and 3.2us. In an
embodiment, in accordance with terminology used in a legacy communication protocol
(e.g., the IEEE 802.11n Standard or the IEEE 802.11ac Standard), a guard interval of
0.8us is sometimes referred to herein as a “normal guard interval” and a guard interval of

0.4us is sometimes referred to herein as “short guard interval.”
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[0042] In an embodiment, the first communication protocol defines at least a first
transmission mode (e.g. normal mode) the utilizes the normal tone spacing and supports
guard intervals defined by a legacy communication protocol (e.g., the IEEE 802.11ac
Standard) and a second transmission mode (e.g., a high efficiency mode) that utilizes a
reduced tone spacing and/or a larger guard interval compared to the tone spacing and
guard intervals of the legacy communication protocol. For example, the normal mode
utilizes the normal tone spacing 300 of Fig. 3 A and supports 0.4 us and 0.8 ps guard
intervals, in an embodiment. The high efficiency mode, on the other hand, utilizes the
1/4 tone spacing 350 of Fig. 3C and supports two or more of (e.g., two of, three of, four
of , etc.) 0.4 us, 0.8 us, 1.6 us, 2.4 us and 3.2 ps guard interval options or other suitable
guard interval options, in an example embodiment. Alternatively, in another
embodiment, the first communication protocol defines a normal mode that utilizes a
reduced tone spacing (e.g., 1/2 tone spacing or 1/4 tone spacing) and supports two or
more of (e.g., two of, three of, four of, etc.) 0.4 us, 0.8 us, 1.6 us, 2.4 us and 3.2 pus guard

interval options or other suitable guard interval options.

[0043] In an embodiment, the particular transmission mode being used with a data unit,
such as the data unit 200 of Fig. 2A or the data unit 250 of Fig. 2B, is signaled to a
receiving device via a mode indication included in the preamble of the data unit. For
example, referring to the data unit 200 of Fig. 2A, the HEW-SIGA field 220 or the HEW-
SIGB field 235 includes an indication of the transmission mode used with the data unit
200, in an embodiment. In another embodiment, the preamble of a data unit, such as the
data unit 200 of Fig. 2A or the data unit 250 of Fig. 2B, is formatted such that a
receiving device can auto-detect transmission mode used with the data unit 200 based on
modulation (e.g., binary phase shift keying (BPSK) verses binary phase shift keying
shifted by 90 degrees(Q-BPSK)) of one or more fields of the preamble of the data unit
200.
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[0044] In some embodiments, some of the OFDM symbols of a data unit such as the
data unit 200 of Fig. 2A or the data unit 250 of Fig. 2B are generated using the normal
tone spacing and the regular guard interval (e.g., 0.8 us) of a legacy communication
protocol (e.g., the IEEE 802.11ac Standard), while other OFDM symbols of the data unit
are generated using a reduced tone spacing (e.g., the 1/2 tone spacing 320 of Fig. 3B or
the tone spacing 350 of Fig. 3C) and/or using a longer guard interval compared to guard
intervals supported by the legacy communication protocol. For example, referring to Fig.
2A, the L-STF 205, the L-LTF 210, the L-SIG 215, the HEW-SIGA 220 and the HEW-
STF field 225 are generated using the using the normal tone spacing and the regular
guard interval (e.g., 0.8 us) of the IEEE 802.11ac Standard, while the HEW-LTFs 230,
the HEW-SIGB 235 and the data portion 240 are generated using a reduced tone spacing
(e.g., the 1/2 tone spacing 320 of Fig. 3B or the tone spacing 350 of Fig. 3C) and/or using
a longer guard interval compared to guard intervals supported by the IEEE 802.11ac
Standard, in an embodiment. As another example, in another embodiment, the L-STF
205, the L-LTF 210, the L-SIG 215 and the HEW-SIGA 220 are generated using the
using the normal tone spacing and the regular guard interval (e.g., 0.8 us) of the IEEE
802.11ac Standard, the HEW-STF field is generated using the normal tone spacing and a
longer guard interval compared to the guard intervals supported by the IEEE 802.11ac
Standard, and the HEW-LTFs 230, the HEW-SIGB 235 and the data portion 240 are
generated using a reduced tone spacing (e.g., the 1/2 tone spacing 320 of Fig. 3B or the
tone spacing 350 of Fig. 3C) and/or using a longer guard interval compared to guard

intervals supported by the IEEE 802.11ac Standard.

[0045] Fig. 5 is a block diagram of a transmit portion of an example PHY processing
unit 500 configured to generate data units, such as the data unit 200 of Fig. 2A or the data
unit 250 of Fig. 2B, that conform to the first communication protocol, according to an
embodiment. Referring to Fig. 1, the PHY processing unit 20 of AP 14 and the PHY
processing unit 29 of client station 25-1 are each similar to or the same as PHY

processing unit 500, in one embodiment. The PHY processing unit 500 is configured to
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generate data units such as the data unit 200 of Fig. 2A or the data unit 250 of Fig. 2B, in
an embodiment. In other embodiments, however, the PHY processing unit 500 is
configured to generate suitable data units different from the data unit 200 of Fig. 2A or
the data unit 250 of Fig. 2B. Similarly, suitable PHY processing units different from the
PHY processing unit 400 is configured to generate data unit such as the data unit 200 of

Fig. 2A or the data unit 250 of Fig. 2B, in some embodiments.

[0046] In an embodiment, the PHY processing unit 500 includes a processing path 501,
which in turn includes a PHY padding unit 502, a scrambler 506, an encoder parser 510,
one or more forward error correction (FEC) encoders 512, a stream parser 516, segment
parsers 518, BCC interleavers 502, constellation mappers 522, LDPC tone mappers 526,
segment deparsers 528, a space-time block coding (STBC) unit 530, cyclic shift diversity
(CSD) units 532 and a spatial mapping unit 536. The various components of the
processing path 501, according to some embodiments, are described in more detail
below. Some of the components of the processing path 501 are bypassed or omitted, as
described in more detail below, in some embodiments. Further, in an embodiment in
which the processing unit 500 is configured to generate OFDMA data units such as the
data unit 25 of Fig. 2B, the PHY processing unit 500 includes multiple processing paths
501, each processing path 501 corresponding to a particular client station to which the
OFDMA data unit is to be transmitted, in an embodiment. More generally, in an
embodiment, a processing path 501 of the PHY processing unit 500 corresponds to a

subset of OFDM tones, or a resource unit, assigned to a client station 25.

[0047] In an embodiment, the padding unit 502 of the processing path 501 adds one or
more padding bits to an information bit stream prior to providing the information bit

stream to the scrambler 506, according to an embodiment. The scrambler 506 generally
scrambles the information bit stream to reduce occurrences of long sequences of ones or

zeros, in an embodiment. The encoder parser 510 is coupled to the scrambler 506. The
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encoder parser 510 demultiplexes the information bit stream into one or more encoder

input streams corresponding to one or more FEC encoders 512.

[0048] While three FEC encoders 512 are shown in Fig. 5, different numbers of FEC
encoders are included, and/or different numbers of FEC encoders operate in parallel, in
various embodiments and/or scenarios. For example, according to one embodiment, the
PHY processing unit 500 includes four FEC encoders 512, and one, two, three, or four of
the FEC encoders 512 operate simultaneously depending on the particular modulation
and coding scheme (MCS), bandwidth, and number of spatial streams. Each FEC
encoder 512 encodes the corresponding input stream to generate a corresponding encoded
stream. In one embodiment, each FEC encoder 512 includes a binary convolutional
coder (BCC). In another embodiment, each FEC 512 encoder includes a BCC followed
by a puncturing block. In another embodiment, each FEC encoder 512 includes a low
density parity check (LDPC) encoder. In some embodiments in which LDPC encoding is
utilized, only one encoder 512 is utilized to encode the bit information stream, and the

encoder parser 510 is bypassed or omitted.

[0049] A stream parser 516 parses the one or more encoded streams into one or more
spatial streams for separate interleaving and mapping into constellation points/symbols.
In one embodiment, the stream parser 516 operates according to the IEEE 802.11ac

Standard, such that the following equation is satisfied:
g= maX{l NBPSCS } Equation 1
T2

where s is the number of coded bits assigned to a single axis in a constellation point for
each of Ngg spatial streams, and where Nppgcs s the number of bits per subcarrier. For

each FEC encoder 512 (whether BCC or LDPC), consecutive blocks of s coded bits are

assigned to different spatial streams in a round robin fashion, in an embodiment. In some
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embodiments where the set of FEC encoders 512 includes two or more BCC encoders,
the outputs of the individual FEC encoders 512 are used in an alternating fashion for each
round-robin cycle, i.e., initially S bits from the first FEC encoder 512 are fed into Ny
spatial streams, then S bits from the second FEC encoder 106 are fed into the N spatial

streams, and so on, where:

S=NgXxs Equation 2

[0050] Corresponding to each of the Ny spatial streams, a segment parser 518 parses
the coded bits into multiple segments. In an embodiment, each segment parser 518
parses coded bits at an output of the stream parser 516 into a plurality of segments
corresponding to a plurality of frequency sub-bands of the communication channel for
which the data unit is being generated. As just an illustrative example, for a 40 MHz
wide communication channel, each segment parser 518 parses coded bits at an output of
the stream parser 518 to two segments corresponding to two 20 MHz frequency sub-
bands of the 40 MHz channel. As another example, for a 160 MHz communication
channel, each segment parser 518 parses coded bits at an output of the stream parser 516
to two segments corresponding to two 80 MHz frequency sub-bands of the 160 MHz
channel, in an embodiment. Although each segment parser 518 is illustrated in Fig. 5 as
a two segment parser having two outputs, each segment parser 518 parses coded bits into
a number of segments greater than two, in some embodiments. For example, for an 80
MHz wide communication channel, each segment parser 518 parses coded bits at an
output of the stream parser 516 to four segments corresponding to four 20 MHz
frequency sub-bands of the 80 MHz channel, in an embodiment. As another example, for
a 160 MHz communication channel, a segment parser 518 parses coded bits at an output
of the stream parser 516 to eight segments corresponding to eight 20 MHz frequency sub-

bands of the 160 MHz channel, in an embodiment.
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[0051] In an embodiment, the segment parsers 518 are utilized in only some
transmission modes (e.g., corresponding to only some channel bandwidths), and are
bypassed or omitted in other transmission modes (¢e.g., for other channel bandwidths).
For example, in an embodiment, the segment parsers 518 are utilized in transmission
modes corresponding to a communication channel having a 40 MHz bandwidth and to a
communication channels having a 160 MHz, and are bypassed or omitted in transmission
modes corresponding to a communication channel having a 20 MHz bandwidth and to a
communication channels having a 80 MHz, in an embodiment. As another example, the
segment parsers 518 are utilized in a transmission mode corresponding to a
communication channel having a 160 MHz bandwidth, and are bypassed or omitted in
transmission modes corresponding to communication channels having a 20 MHz
bandwidth, a 40 MHz bandwidth and an 80 MHz bandwidth, in another embodiment. In
other embodiments, however, the segment parsers 518 are utilized and/or are bypassed in

transmission modes corresponding to other suitable channel bandwidths.

[0052] Coded bits corresponding to each spatial stream and each segment are operated
on by a respective BCC interleaver 520, in an embodiment. In an embodiment, an
interleaver 520, corresponding to a spatial stream and a segment, interleaves bits (i.e.,
changes the order of the bits) of the spatial stream and the segment to prevent long
sequences of adjacent noisy bits within the spatial stream and the segment from entering
a decoder at the receiver. More specifically, the interleaver 520 maps adjacent coded bits
onto non-adjacent locations in the frequency domain or in the time domain. The
interleaver 520 performs two frequency permutations in each data stream, and a third
permutation to cyclically shift bits differently on different streams, in an embodiment.
The parameters N, N,,,, and N,,, (i.e., number of columns, number of rows, and
frequency rotation parameter, respectively) used by the interleaver 520 are suitable values
based on the bandwidth of the data unit being generated and the FFT size to be utilized
for generating the data unit, in various embodiments. In an embodiment, the first

permutation by the interleaver 520 ensures that adjacent coded bits are mapped onto non-
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adjacent sub-carriers of the signal. The second permutation performed by the interleaver
520 ensures that adjacent coded bits are mapped alternatively onto less and more
significant bits of the constellation to avid long sequences of low reliability bits, in an
embodiment. Further the third permutation is performed by the interleaver 520 in
embodiments with multiple spatial streams, and the third permutation, in an embodiment,

performs a different frequency rotation on respective different spatial streams.

[0053] In an embodiment, the parameters N.,;, N, and N,,, utilized by the BCC
interleavers 520 for an OFDM symbol being generated for a 20 MHz-wide channel
correspond to N, N,,,, and N,,, respectively, defined by the IEEE 802.11ac Standard
for an 80 MHz communication channel. Similarly, in an embodiment in which two
segments of coded bits for a 40 MHz communication channel are respectively operated
on by two BCC interleaver 520, the parameters N.,;, N, and N,,, for an OFDM symbol
being generated for a 40 MHz-wide channel correspond to N, N,,,, and N,,;,
respectively, used for a 20 MHz-wide channel of the first communication protocol (e.g.,
the N.,;, N, and N,,, parameters defined for an 80 MHz communication by the IEEE
802.11ac Standard), in an embodiment. On the other hand, in an embodiment in which
an OFDM symbol for a 40 MHz channel is generated using a single segment of coded
bits (e.g., the segment parsers 518 are omitted or bypassed), new (e.g., not previously
defined in the IEEE 802.11ac Standard) N..;, N,.,, and N,,, parameters defined by the first
communication protocol for a communication channel having a 40 MHz bandwidth are
utilized. In an embodiment, the new N, N,,,, and N,,, parameters are scaled versions of
the corresponding N, N,,,,, and N,,,, parameters defined for a 40 MHz channel by a
legacy communication protocol (e.g., the IEEE 802.11ac Standard). For example, in an
illustrative embodiment, the new N, and N,,, parameters correspond to the N, and N,,,,
parameters, respectively, defined for 40 MHz channel in the IEEE 802.11ac Standard
scaled at least approximately by sqrt(N), where sqrt () is a square root function and N is
the factor by which the tone spacing is reduced for the 40 MHz bandwidth in the first

communication protocol. Further, in an embodiment, one or both of N, and N,,,, are
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adjusted such a product of N, and N,,,, corresponds to a number of data tones in the 40
MHz bandwidth, in an embodiment. Referring now to the N,,, parameter, N,,,
corresponds to the N,,; parameter defined for 40 MHz bandwidth by the IEEE 802.11ac
Standard scaled by N, in an example embodiment. In other embodiments, however, other
suitable N.,;, N,.,, and N,,, parameters different from the corresponding parameters

defined by a legacy communication protocol are utilized.

[0054] In an embodiment, the parameters N.,;, N,,,, and N,,, used for an OFDM symbol
being generated for an 80 MHz-wide channel with 1024 point IDFT, new (e.g., not
previously defined in the IEEE 802.11ac Standard) N,,;, N,,,, and N,,, parameters are
utilized. In an embodiment, the new N, N,,,, and N,,, parameters are scaled versions of
the corresponding parameters defined for an 80 MHz-wide channel in the IEEE 802.11ac
Standard, in an embodiment. As an example, in an example embodiment, the new N,
N,ow, and N,,,, parameters correspond to N, N,,, and N, defined for an 80 MHz
bandwidth by the IEEE 802.11ac Standard and scaled by a factor that is proportional to
the reduction in tone spacing with respect to the IEEE 802.11ac Standard. For example,
in an illustrative embodiment, the new N, and N,,,, parameters correspond to the N, and
N,.,, parameters, respectively, defined for an 80 MHz bandwidth in the IEEE 802.11ac
Standard scaled at least approximately by sqrt(N), where sqrt () is a square root function
and N is the factor by which the tone spacing is reduced for an 80 MHz bandwidth in the
first communication protocol. Further, in an embodiment, one or both of N, and N,,,,
are adjusted such a product of N, and N,,,, corresponds to a number of data tones in the
80 MHz bandwidth, in an embodiment. Referring now to the N,,, parameter, N,
corresponds to the N,,, parameter defined for an 80 MHz bandwidth by the IEEE
802.11ac Standard scaled by N, in an example embodiment. Thus, for example, in an
embodiment in which 1/4 tone spacing is utilized for an 80 MHz channel, the N ,;, N,,,,
and N,,, used by the BCC interleavers 520 are N,,; = 55 (approximately 26*2), N,,,, =
18*Ngpscs (2%¥9* Nppscs), where Ngpscs 1s the number of coded bits per single carrier for

each spatial stream (based on modulation and coding scheme (MCS) being utilized), and
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N,,; = 58*4 if the number of spatial streams (N,;) is less than or equal to 4, or N,,,, = 28*4
if the number of spatial streams (N,) is greater than 4, in an embodiment. As another
example, in another embodiment, N,,, = 62*4 if the number of spatial streams (N,) is less
than or equal to 4, or N,,, = 30%4 or 32*4 if the number of spatial streams (N,) is greater
than 4. In other embodiments, however, other suitable N, N,,,, and N,,, parameters
different from the corresponding parameters defined by a legacy communication protocol

are utilized.

[0055] In an embodiment in which multiple segments of coded bits corresponding to
different frequency sub-bands of the 80 MHz communication channel are operated on by
respective multiple BCC interleavers 520, the parameters N, N,,,, and N,,, used by the
two BCC interleavers 318 correspond to the N, N,,,, and N,,, parameters defined by the
first communication protocol for the channel corresponding to the sub-band. As just an
example, in an embodiment in which four segments of coded bits corresponding to
respective 20 MHz sub-bands of the 80 MHz-wide channel are operated on by four BCC
interleavers 318, the parameters N, N,,,, and N, used by the four BCC interleavers 318
correspond to N, N,,,, and N,,, parameters, respectively, used for a 20 MHz channel of
the first communication protocol (e.g., N.,;, N,,,, and N,,; parameters defined for an 80

MHz communication channel by the IEEE 802.11ac Standard), in an embodiment.

[0056] In an embodiment in which two segments of coded bits for a 160 MHz
communication channel are operated on by two BCC interleavers 520, the parameters
Neots Nyow, and N,,, used by the two BCC interleavers 520 correspond to N, N,.,, and
N, respectively, used for an 80 MHz communication channel as defined in the first
communication protocol (e.g., the N.,;, N,,,, and N,,, parameters for an 80 MHz
communication channel of the first communication protocol defined as described above),
in an embodiment. On the other hand, in an embodiment in which an OFDM symbol for
a 160 MHz channel is generated using a single segment of coded bits (e.g., the segment

parsers 518 are bypassed), new (e.g., not previously defined in the IEEE 802.11ac
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Standard) N, N,,,, and N, parameters defined for a 160 MHz channel by the first

communication protocol are utilized.

[0057] In an embodiment in which the interleavers 520 operate on resource units within
an OFDMA data unit, such as the OFDMA data unit 250 of Fig. 2B, the interleavers 520
use interleaving parameters that depend on the number of OFDM tones in a resource unit
within the OFDMA data unit. Table 1 illustrates interleaver parameters used by the

interleavers 520 for several RU sizes within the data unit 250 of Fig. 2B, in some

embodiments.
Table 1
RU (number of tones) | Ncol Nrot
26 8 2 (Nss<4)
52 16 K
106 17 29 (Nss<4)
13 (Nss>4)
242 56 58 (Nss<4)
28 (Nss>4)

[0058] Referring to Table 1, in several example embodiments, the value K of the
parameter N,,, used with a resource unit having 52 tones for Nss<4 is one of K=11, K=13,
or K=9, depending on the embodiment. Referring still to Table 1, the value K of the
parameter N,,,; used with a resource unit having 52 tones for Nss>4 is one of K=5, K=6,
or K=7, depending on the embodiment. In other embodiments, the value K of the

parameter N,,, used with a resource unit having 52 tones are other suitable values.

[0059] In some embodiments, for example when LDPC encoding is utilized (e.g., when
the FEC encoders 312 are LDPC encoders), the BCC interleavers 520 are bypassed or

omitted.
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[0060] With continued reference to Fig. 5, outputs of the BCC interleavers 520 (or
outputs of the segment parsers 518 if the BCC interleavers 520 are bypassed or omitted)
are provided to constellation mappers 522. In an embodiment, each constellation mapper
522 maps a sequence of bits to constellation points corresponding to different
subcarriers/tones of an OFDM symbol. More specifically, for each spatial stream and
each segment, a constellation mapper 522 translates every bit sequence of length log,(M)
into one of M constellation points, in an embodiment. The constellation mapper 522
handles different numbers of constellation points depending on the MCS being utilized.
In an embodiment, the constellation mapper 522 is a quadrature amplitude modulation
(QAM) mapper that handles M =2, 4, 16, 64, 256, and 1024. In other embodiments, the
constellation mapper 522 handles different modulation schemes corresponding to M

equaling different subsets of at least two values from the set {2, 4, 16, 64, 256, 1024}.

[0061] In an embodiment, when LDPC encoding is utilized, the outputs of the
constellation mappers 522 are operated on by LDPC tone mappers 526. In some
embodiments, when BCC encoding is utilized (e.g., when the FEC encoders 512 are BCC
encoders), the LDPC tone mappers 526 are bypassed or omitted.

[0062] Each LDPC tone mapper 526 reorders constellation points corresponding to a
spatial stream and a segment according to a tone remapping function. The tone
remapping function is generally defined such that consecutive coded bits or blocks of
information bits are mapped onto nonconsecutive tones in the OFDM symbol to facilitate
data recovery at the receiver in cases in which consecutive OFDM tones are adversely
affected during transmission. LDPC tone mapper parameters (e.g., “tone mapping
distance” or the distance between two OFDM tones onto which adjacent constellation
points are mapped) may be different in different embodiments. In an embodiment, the
tone mapping distance used by the LDPC tone mapper 526 for an OFDM symbol being
generated for a 20 MHz channel corresponds to the tone mapping distance defined by the

IEEE 802.11ac Standard for an 80 MHz channel.
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[0063] In an embodiment in which multiple segments of constellation points
corresponding to multiple sub-bands of a channel are operated on by multiple LDPC tone
mappers 526, the tone mapping distance used by each of the operating LDPC tone
mappers 526 corresponds to the tone mapping distance defined by the first
communication protocol for a channel corresponding to each of the sub-bands. Thus, for
example, each LDPC encoder 526 operating on a 20 MHz sub-band of a 40 MHz
bandwidth, an 80 MHz bandwidth or a 160 MHz bandwidth utilizes the tone mapping
distance defined by the first communication protocol a 20 MHz-wide channel, in an
embodiment. In an embodiment, new tone mapping distances, not previously defined by
a legacy communication protocol, are defined at least for numbers of OFDM tones that
are greater than numbers of OFDM tones used in a legacy communication protocol. For
example, in an embodiment, a tone mapping distance D; defined for a particular
bandwidth by the first communication protocol is a scaled version of corresponding tone
mapping distance D, defined for the first bandwidth by a legacy communication protocol
(e.g., the IEEE 802.11ac Standard). For example, D; is at least approximately to N*D,,
where N is the tone spacing reduction factor, in an embodiment.

[0064] In an embodiment in which the LDPC tone mappers 526 operate on sub-channel
blocks corresponding to an OFDMA data unit, such as the OFDMA data unit 250 of Fig.
2B, the LPPC tone mappers 526 use a tone mapping distance D that depends on a size
(e.g, number of OFDM tones) of a resource unit within the OFDMA data unit. Further,
in some embodiments, tone mapping is not implemented (e.g., the LDPC tone mappers

526 are bypassed or omitted) for some resource unit sizes, in some embodiment.

[0065] In an embodiment, a 26-tone RU includes 24 data tones and 2 pilot tones. In
other embodiments, a 26-tone RU includes other suitable numbers of data tones and pilot
tones. In an embodiment, tone mapping is not implemented for a 26-tone RU, in an
embodiment. In another embodiment, tone mapping is not implemented for a 26-tone
RU for Nss<4, and tone mapping is implemented for a 26-tone RU for Nss>4, with a tone

mapping distance selected from a set {4, 6, 8}, depending on the embodiment. In another
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embodiment, another suitable tone mapping distance D for a 26-tone RU for Nss>4 is

used.

[0066] In an embodiment, a 52-tone RU includes 48 data tones and 4 pilot tones. In
other embodiments, a 52-tone RU includes other suitable numbers of data tones and pilot
tones. In an embodiment, tone mapping is not implemented for a 52-tone RU. In another
embodiment, tone mapping is not implemented for a 52-tone RU for Nss<4, and tone
mapping is implemented for a 52-tone RU for Nss>4, with a tone mapping distance D
selected from a set {6, 8, 12}, depending on an embodiment. In another embodiment,
another suitable tone mapping distance D for a 52-tone RU for Nss>4 mapping distance
D is used. In some embodiments, tone mapping is implemented for a 52-tone RU
regardless of the number of spatial or space-time streams Nss being used. In some
embodiments in which tone mapping is implemented for a 52-tone RU regardless of the
number of spatial or space-time streams Nss being used, tone mapping distance D is
selected from a set {6, 8, 12}. In another embodiment in which tone mapping is
implemented for a 52-tone RU regardless of the number of spatial or space-time streams

Nss being used, another suitable tone mapping distance D is used.

[0067] In an embodiment, a 106-tone RU includes 102 data tones and 4 pilot tones. In
other embodiments, a 106-tone RU includes other suitable numbers of data tones and
pilot tones. In an embodiment, tone mapping is not implemented for a 106-tone RU. In
another embodiment, tone mapping is not implemented for a 106-tone RU for Nss<4, and
tone mapping is implemented for a 106-tone RU for Nss>4, with a tone mapping distance
D selected from a set {6, 17, 34}, depending on an embodiment. In another embodiment,
another suitable tone mapping distance D for a 106-tone RU for Nss>4 mapping distance
D is used. In some embodiments, tone mapping is implemented is implemented for a
106-tone RU regardless of the number of spatial or space-time streams Nss being used.
In some embodiments in which tone mapping is implemented for a 106-tone RU

regardless of the number of spatial or space-time streams Nss being used, tone mapping
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distance D for a 106-tone RU is selected from a set {6, 17, 34}. In another embodiment
in which tone mapping is implemented for a 106-tone RU regardless of the number of
spatial or space-time streams Nss being used, another suitable tone mapping distance D is

used.

[0068] In an embodiment, a 242-tone RU includes 234 data tones and 8 pilot tones. In
other embodiments, a 242-tone RU includes other suitable numbers of data tones and
pilot tones. In an embodiment, tone mapping is implemented for a 242-tone RU
regardless of the number of spatial or space-time streams Nss being used, with tone
spacing distance D corresponding to the tone spacing distance D defined for an 80 MHz
bandwidth by the IEEE 802.11ac Standard (i.e., D=9). In other embodiments, tone
mapping is implemented for a 242-tone RU regardless of the number of spatial or space-
time streams Nss being used, with tone spacing distance D selected from a set {18, 26,
36, 39, 52, 78}. In another embodiment in which tone mapping is implemented for a
242-tone RU regardless of the number of spatial or space-time streams Nss being used,

another suitable tone mapping distance D is used.

[0069] In an embodiment, a 484-tone RU includes 468 data tones and 16 pilot tones. In
other embodiments, a 484-tone RU includes other suitable numbers of data tones and
pilot tones. In an embodiment, tone mapping is implemented for a 484-tone RU
regardless of the number of spatial or space-time streams Nss being used. In an
embodiment, the 484 tones are generated using two segments, with tone spacing distance
D corresponding to the tone spacing distance D defined for an 80 MHz bandwidth by the
IEEE 802.11ac Standard (i.e., D=9) used in each of the segments. In another
embodiment, the 484 tones are generated using a single segment. In some such
embodiments, tone mapping is implemented regardless of the number of spatial or space-
time streams Nss being used, with a tone mapping distance D selected from a set {9, 18,
26, 36, 39, 52, 78}. In another embodiment in which tone the 484 tones are generated as

a single segment, another suitable tone mapping distance D is used.
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[0070] In an embodiment, a 996-tone RU includes 980 data tones and 16 pilot tones. In
other embodiments, a 996-tone RU includes other suitable numbers of data tones and
pilot tones. Tone mapping is implemented for a 996-tone RU regardless of the number of
spatial or space-time streams Nss being used, with a tone mapping distance D selected
from a set {35, 49, 70, 98}, in various embodiments. In another embodiment, another

suitable tone mapping distance D is used.

[0071] Outputs of LDPC tone mappers 526 corresponding to respective spatial stream
(or, if the LDPC tone mappers 526 are bypassed or omitted, outputs of constellation
mappers 522 corresponding to respective spatial streams) are provided to respective
segment deparsers 528. Each segment deparser 528 merges the outputs of the LDPC tone
mappers 526 (or the constellation mappers 522 if the LDPC tone mappers 526 are

bypassed or omitted) corresponding to a spatial stream.

[0072] The space-time block coding (STBC) unit 530 receives the constellation points
corresponding to the one or more spatial streams and spreads the spatial streams to a
number (Ngrg) of space-time streams. In some embodiments, the STBC unit 530 is
omitted. Cyclic shift diversity (CSD) units 532 are coupled to the STBC unit 530. The
CSD units 532 insert cyclic shifts into all but one of the space-time streams (if more than
one space-time stream) to prevent unintentional beamforming. For ease of explanation,
the inputs to the CSD units 532 are referred to as space-time streams even in

embodiments in which the STBC unit 530 is omitted.

[0073] The spatial mapping unit 536 maps the Ngrg space-time streams to Ny transmit
chains. In various embodiments, spatial mapping includes one or more of: 1) direct
mapping, in which constellation points from each space-time stream are mapped directly
onto transmit chains (i.e., one-to-one mapping); 2) spatial expansion, in which vectors of
constellation points from all space-time streams are expanded via matrix multiplication to
produce inputs to the transmit chains; and 3) beamforming, in which each vector of

constellation points from all of the space-time streams is multiplied by a matrix of
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steering vectors to produce inputs to the transmit chains. Each output of the spatial
mapping unit 536 corresponds to a transmit chain, and each output of the spatial mapping
unit 536 is operated on by an IDFT calculation unit 540 (e.g., an inverse fast Fourier
transform (IFFT) calculation unit) that converts a block of constellation points to a time-
domain signal. In an embodiment in which the PHY processing unit 500 includes
multiple processing paths 501 corresponding to multiple receivers of an OFDMA data
unit, each IDFT calculation unit 540 includes multiple inputs corresponding to outputs of
the multiple processing paths 501. In this embodiment, each IDFT calculation unit 540
jointly performs IDFT for all of the receivers on the OFDMA data unit.

[0074] Outputs of the IDFT units 540 are provided to GI insertion and windowing units
544 that prepend to OFDM symbols, a guard interval (GI) portion, which is a circular
extension of an OFDM symbol in an embodiment, and smooth the edges of OFDM
symbols to increase spectral delay. Outputs of the GI insertion and windowing units 544
are provided to analog and radio frequency (RF) units 548 that convert the signals to
analog signals and upconvert the signals to RF frequencies for transmission. The signals
are transmitted in a 20 MHz, a 40 MHz, an 80 MHz, or a 160 MHz bandwidth channel
(e.g., corresponding to a 256-, 512-, 1024-, or 2048-point IDFT at unit 540, respectively,
in an embodiment, and utilizing a clock rate that is constant regardless of IDFT size), in
various embodiments and/or scenarios. In other embodiments, other suitable channel

bandwidths (and/or IDFT sizes) are utilized.

[0075] In various embodiments, the PHY processing unit 500 includes various suitable
numbers of transmit chains (e.g., 1, 2, 3,4, 5, 6, 7, etc.). Further, in some scenarios, the
PHY processing unit 500 does not utilize all transmit chains. As merely an illustrative
example, in an embodiment in which the PHY processing unit 500 includes four transmit
chains, the PHY processing unit 500 may utilize only two transmit chains or only three

transmit chains, for example, if only two spatial streams are being utilized.
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[0076] Inthe PHY processing unit 500, each transmit chain is configured to generate a
transmit signal that spans the entire communication channel (e.g., spanning 20 MHz, 40
MHz, 80 MHz, 160 MHz, etc.). In other embodiments, however, the network interface
device (e.g., network interface device 16 and/or network interface device 27) includes
multiple radio frequency (RF) portions corresponding to different portions of the
communication channel. For example, multiple portions are used For instance, as merely
an illustrative example, the network interface device includes a first RF portion
corresponding to first 20 MHz-wide portion of a 40 MHz-wide communication channel,
and a second RF portion corresponding to second 20 MHz-wide portion of the 20 MHz-
wide communication channel. As just another example, in another embodiment, the
network interface device includes a first RF portion corresponding to first 80 MHz-wide
portion of a 160 MHz-wide communication channel, and a second RF portion
corresponding to second 80 MHz-wide portion of the 160 MHz-wide communication

channel.

[0077] Fig. 6 is a block diagram of a transmit portion of an example PHY processing
unit 600 configured to generate data units, such as the data unit 200 of Fig. 2A or the data
unit 250 of Fig. 2B, that conform to the first communication protocol, according to an
embodiment.. Referring to Fig. 1, the PHY processing unit 20 of AP 14 and the PHY
processing unit 29 of client station 25-1 are each similar to or the same as PHY
processing unit 600, in one embodiment. The PHY processing unit 600 is similar to the
PHY processing unit 500 of Fig. 5 and includes many of the same elements of the PHY
processing unit 500. At least some of like-numbered elements with the PHY processing

unit 500 are not discussed in detail merely for purposes of brevity.

[0078] The PHY processing unit 600 includes a respective processing unit 508
corresponding to each segment of multiple segments generated to by the segment parsers
402 and, accordingly, corresponding to each frequency sub-band of the communication

channel, in an embodiment. For example, a first processing unit 508 corresponds to a
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first frequency sub-band of the communication channel, and a second processing unit
corresponds to a second frequency sub-band of the communication channel.

Additionally, the PHY processing 600 does not utilize a segment deparser.

[0079] As just an example, in a transmission mode corresponding to a communication
channel having a width of 40 MHz, the first processing unit 602a may correspond to a
first 20 MHz frequency sub-band and the second processing unit 602b may correspond to
a second 20 MHz frequency sub-band of the communication channel. As just another
example, in a transmission mode corresponding to a communication channel having a
width of 160 MHz, the first processing unit 602a may correspond to a first 80 MHz
frequency sub-band and the second processing unit 602b may correspond to a second 80
MH?z frequency sub-band of the communication channel. In some embodiments and/or
scenarios, the first frequency sub-band is contiguous with the second frequency sub-band.
In other embodiments and/or scenarios, however, the first frequency sub-band is not
contiguous with the second frequency sub-band. For example, there may be a gap in
frequency between the first frequency sub-band and the second frequency sub-band, and
the communication channel has a cumulative bandwidth equal to a sum of the bandwidth
of the first frequency sub-band and the bandwidth of the second frequency sub-band, in

an embodiment.

[0080] The first processing unit 602a includes a respective BCC interleaver 520 (if
BCC interleavers 520 are not omitted), a respective constellation mapper 522 and a
respective LDPC tone mapper 526 (if LDPC tone mappers 526 are not omitted) for each
spatial stream. The first processing unit 508a further includes the STBC unit 530, the
CSD units 532 and the spatial mapping unit 526. Referring to the outputs of the spatial
mapping unit 536, each modulation data output of the spatial mapping unit 536 of the
first processing unit 508a corresponds to a respective transmit channel, and also
corresponds to single portion of the communication channel. As merely an illustrative

example, in an embodiment and/or transmission mode in which a 160 MHz
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communication channel is to be utilized, a modulation data output provided to a first
transmit chain corresponding to each spatial stream corresponds to a first 80 MHz portion
of the 160 MHz communication channel. Continuing with the illustrative example above,
in an embodiment, a modulation data output provided to a second transmit chain
corresponding to each spatial stream corresponds to a second 80 MHz portion of the 160

MHz communication channel.

[0081] The block of constellation points operated on by each IDFT calculation unit 540
corresponds to all of the subcarriers corresponding to the respective portion of the
communication channel. Thus, in an example embodiment and/or transmission mode in
which a 160 MHz communication channel is to be utilized, each IDFT calculation unit
540 implements a 1024-point IDFT corresponding to 1024 subcarriers of an 80 MHz
bandwidth portion of the communication channel. The signals output by each block 548
span only the respective bandwidth portion of the communication channel (e.g., a
respective 80 MHz-wide portion of a 160 MHz-wide communication channel), in an

embodiment.

[0082] Figs. 7-9 are diagrams of tone maps corresponding to OFDM symbols that are
generated according to the first communication protocol, in some embodiments. The
PHY unit 200 (Fig. 3) is configured, in some embodiments, to generate OFDM symbols
such as one of the OFDM symbols of Figs. 7-9, or another suitable OFDM symbol. In
some embodiments, PHY unit 200 (Fig. 3) is configured to generate different OFDM
symbols, such as the OFDM symbols of Figs. 7-9, or other suitable OFDM symbols,
depending on channel conditions, the capabilities of the receive device to which the

OFDM symbol is being transmitted, etc.

[0083] Fig. 7 is a diagram of a tone map for an OFDM symbol 700 corresponding to a
20 MHz-wide channel, according to an embodiment. The OFDM symbol 700 includes
256 OFDM tones with a tone spacing that is reduced by a factor of 4 (1/4 tine spacing) as
compared to tone spacing defined by the IEEE 802.11ac Standard, in an embodiment.
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The OFDM symbol 700 has the same format as specified for an §0MHz communication
channel in the IEEE 802.11ac Standard.

[0084] The 256 tones of the OFDM symbol 700 are indexed from -128 to +127, in an
embodiment. The 256 tones include 11 guard tones, three direct current (DC) tone, data
tones, and pilot tones. The six lowest frequency tones and the five highest frequency
tones are guard tones, which are provided for filter ramp up and ramp down, in an
embodiment. In an embodiment, the number of guard tones included in an OFDM
symbol conforming to the first communication protocol is scaled with respect to the
number of guard tones defined for the corresponding bandwidth by the IEEE 802.11ac
Standard so as to maintain at least substantially same frequency guard band as the
corresponding guard band defined by the IEEE 802.11ac Standard. For example, the
number of guard tones at each band edge of an OFDM symbol conforming to the first
communication protocol corresponds to the number of guard tones defined by the IEEE

802.11ac Standard scaled by

[0085] In another embodiment, the number of guard tones included in the OFDM
symbol 700 is greater than the number of guard tones defined for an 80 MHz bandwidth
by the IEEE 802.11ac Standard. For example, the number of guard tones in the OFDM
symbol is scaled with respect to the number of guard tones defined by IEEE 802.11ac
Standard by the scaling factor N when the tone spacing is reduced by a factor of 1/N with
respect to the IEEE 802.11ac Standard. Thus, for example, for an OFDM symbol with
1/4 tone spacing as compared to the tone spacing defined by the IEEE 802.11ac Standard,
the number of guard tones at a band edge of the OFDM symbol corresponds to the
number of guard tones at the corresponding band edge defined by the IEEE 802.11ac
Standard multiplied by 4, in an embodiment. Accordingly, in this embodiment, the
number of guard tones at the lower and upper band edges corresponds to [6, 5] * 4. In
another embodiment, the number of guard tones at each band edge is scaled by a factor

that is less than N. For example, more stringent filtering is used to transmit/receive
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OFDM symbols conforming to the first communication protocol as compared to filtering
used transmit/receive OFDM symbols conforming to the IEEE 802.11ac Standard, in
some embodiments. Generally speaking, the number of guard tones in an OFDM symbol
conforming to the first communication protocol is less than or equal to [6, 5] * N, in
various embodiments. As a more specific example, the number of guard tones at the left
band edge (Ng o) of an OFDM symbol conforming to the first communication protocol
is within the range 2 < Ng . < 6*N, and the number of guard tones at the right band edge
(NG righ) of an OFDM symbol conforming to the first communication protocol is within
the range 3 < Ng sighe < 5*N. Further, in an embodiment, the number of guard tones Ng et
and Ng g in an OFDM symbol that conforms to the first communication protocol is such

that the condition Ng sigh =N 1o +1 18 satisfied.

[0086] Referring again to Fig. 7, the index-1, O, and +1 tones in the OFDM symbol 700
are DC tones, which are provided for mitigating radio frequency interference. In the
embodiment of Fig. 7, the number of DC tones (i.e., 3 DC tones) included in the OFDM
symbol 700 corresponds to the number of DC tones defined for a 20 MHz channel by the
IEEE 802.11ac Standard. In an embodiment, due to the smaller tone spacing in the
OFDM symbol 700 as compared to tone spacing defined by the IEEE 802.11ac Standard,
the first communication protocol defines a maximum tolerable transmitter-receiver (Tx-
Rx) frequency offset that is less than the tolerable Tx-Rx frequency offset defined in the
IEEE 802.11ac Standard. For example, whereas the maximum tolerable Tx-Rx
frequency offset defined by the IEEE 802.11ac Standard is +40 parts per million (ppm),
the first communication protocol defines a smaller maximum tolerable Tx-Rx frequency
offset such as £20 parts per million (ppm), for example. Additionally or alternatively, the
OFDM symbol 700 includes a number of DC tones that is greater than three DC tones, in
some embodiments. For example, in an embodiment, the OFDM symbol 700 includes
five DC tone. In other embodiments, the OFDM symbol 700 includes other suitable
numbers of DC tones (e.g., 1,7, 9, 11, etc.). Greater number of DC tones (e.g., 5 DC

tones) allows the first communication protocol to maintain the maximum tolerable Tx-Rx
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frequency offset requirement at least substantially the same as defined by the IEEE
802.11ac Standard (i.e., +/- 40 parts per million (ppm)) while utilizing the reduced tone
spacing, such as 1/4 tone spacing, in the OFDM symbol 700.

[0087] With continued reference to Fig. 7, £100, the OFDM symbol 700 includes 10
pilot tones at tone indices {+117, £89, £75, £39, +11}, in the illustrated embodiment. In
an embodiment, the pilot tones are used for frequency offset estimation, for example.
The number and locations of pilot tones of the OFDM 700 corresponds to the number and
locations of pilot tones defined for an 80 MHz bandwidth by the IEEE 802.11ac
Standard, in this embodiment. In another embodiment, the number of pilot tones in an
OFDM symbol conforming to the first communication protocol corresponds to the
number of pilot defined for a corresponding bandwidth in the IEEE 802.11ac Standard.
Accordingly, in an embodiment, although an OFDM symbol corresponding to a
particular bandwidth and conforming to the first communication protocol includes a
greater number of OFDM tones as compared to an OFDM symbol corresponding to the
particular bandwidth and conforming to the IEEE 802.11ac Standard, the OFDM symbol
conforming to the first communication protocol includes the same number of pilot tones
as the OFDM symbol corresponding to the same bandwidth and conforming to the IEEE
802.11ac Standard. In an embodiment, the locations of the pilot tones correspond to the
pilot tone locations defined for the corresponding bandwidth in the IEEE 802.11ac
Standard scaled by the scaling factor N when the tone spacing is reduced by a factor of
1/N with respect to the IEEE 802.11ac Standard. As just an example, the OFDM symbol
700, which correspond to a 20 MHz-wide channel and conforms to the first
communication protocol with 1/4 tone spacing, includes four pilot tones located at
indices {£28, £84}, in another embodiment. As just another example, an OFDM symbol
that corresponds to a 40 MHz-wide channel and conforms to the first communication
protocol with 1/4 tone spacing includes 512 OFDM tones, of which six tones, located at

indices {+44, £100, £212}, are pilot tones, in an embodiment.
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[0088] Referring still to Fig. 7, the OFDM tones in the tone map 700 that are not used
as DC tones, guard tones, or pilot tones as used as data tones, in an embodiment. In some
embodiments, the number of OFDM tones used as data tones is selected such that the
number of data tones is divisible by 3 and 6. In such embodiments, the OFDM symbol
includes an integer number of data bits per OFDM symbol (Npgps) for all or most
modulation and coding schemes defined by the first communication protocol. The
integer Nppps is required or desired when BCC encoding is used to encode the data bits,
in an embodiment. On the other hand, when LDPC encoding is used, an integer Npgpg 1S
not needed, and any suitable number of OFDM tones can be used as data tones, in an

embodiment.

[0089] In some embodiment, the first communication protocol excludes MCSs that do
not lead to an integer Npgps from consideration, at least when BCC encoding is being
utilized. In another embodiment, the first communication protocol utilizes a suitable
technique that allows a non-integer Npps to be encoded using one or more BCC
encoders or using an LDPC encoder. Some example techniques used in some
embodiments for encoding non-integer Npgps using one or more BCC encoders is
described, for example, in US Patent Application No 13/246,577, entitled “Parsing and
Encoding Methods in a Communication System,” filed September 27, 2011, which is
hereby incorporated by reference in its entirety. Some example techniques used in some
embodiments for encoding non-integer Npgps using an LDPC encoder is described, for
example, in US Patent Application No 13/439,623, entitled “Data Encoding Methods in a
Communication System,” filed April 4, 2012, which is hereby incorporated by reference
in its entirety. In an embodiment, BCC encoding is not used in the first communication

protocol, and only LDPC encoding in allowed.

[0090] Fig. 8 is a diagram of a tone map for an OFDM symbol 800 corresponding to a
40 MHz-wide channel, according to an embodiment. The OFDM symbol 800 includes

512 tones indexed from -256 to +255, in an embodiment. The 512 tones include guard



WO 2015/187720 PCT/US2015/033818
39

tones, DC tones, data tones, and pilot tones. The 12 lowest frequency tones and the 11
highest frequency tones are guard tones. The three tones indexed from -1 to +1 are DC
tones. The OFDM symbol 800 includes 486 data/pilot tones, of which six tones are pilot
tones as defined for a 40 MHz-wide channel by the IEEE 802.11ac Standard. The pilot
tone locations correspond to the pilot tone locations defined for a 40 MHz-wide channel
by the IEEE 802.11ac Standard scaled by a factor of 4, in the illustrated embodiment. In
particular, the pilot tones are located at indices {+44, £100, £212} in the illustrated
embodiment. The OFDM symbol 800 includes 480 data tones. Accordingly, the number
of data tones is divisible by 3, 4 and 6. As a result, an integer number of Nppgps
requirement is satisfied for all or most modulation and coding schemes defined by the
first communication protocol, in an embodiment. Whereas data tone efficiency in a 40
MHz-wide channel according to the IEEE 802.11ac Standard is approximately 84.38%
(108 data tones/128 total tones), data tone efficiency on the OFDM symbol 800 is
approximately 93.75% (480 data tones/512 total tones), in the illustrated embodiment.

[0091] As just another example, an OFDM symbol that corresponds to an 80 MHz
corresponds to a size 512 IDFT and includes 512 tones, in an embodiment. Accordingly,
the OFDM symbol utilizes 1/2 tone spacing with respect to the tone spacing defined by
the IEEE 802.11ac Standard, in this embodiment. The 512 tones, indexed -512 to 511,
include guard tones, DC tones, data tones, and pilot tones. 11 lowest frequency tones and
the 12 highest frequency tones are guard tones. Three tones indexed from -1 to +1 are
DC tones. The OFDM symbol includes eight pilot tones, as defined for an 80 MHz-wide
channel by the IEEE 802.11ac Standard. The pilot tone locations correspond to the pilot
tone locations defined for an 80 MHz-wide channel by the IEEE 802.11ac Standard
scaled by a factor of 2, in an embodiment. In particular, the pilot tones are located at
indices {£22, £78, +150, £206}, in an embodiment. The OFDM symbol includes 480
data tones. Whereas data tone efficiency in an 80 MHz-wide channel according to the
IEEE 802.11ac Standard is approximately 91.41% (234 data tones/256 total tones), data

tone efficiency on the that corresponds to an 80 MHz corresponds to a size 512 IDFT and
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includes 512 tones is approximately 93.75% (480 data tones/512 total tones), in an

embodiment.

[0092] Fig. 9is a diagram of a tone map for an OFDM symbol 900 corresponding to an
80 MHz-wide channel, according to an embodiment. The OFDM symbol 900 includes
1024 tones indexed from -512 to +511, in an embodiment. The 1024 tones include guard
tones, DC tones, data tones, and pilot tones. The 12 lowest frequency tones and the 11
highest frequency tones are guard tones. The three tones indexed from -1 to +1 are DC
tones. The OFDM symbol 900 includes 998 data/pilot tones, of which eight tones are
pilot tones as defined for an 80 MHz-wide channel by the IEEE 802.11ac Standard. The
pilot tone locations correspond to the pilot tone locations defined for an 80 MHz-wide
channel by the IEEE 802.11ac Standard scaled by a factor of 4, in the illustrated
embodiment. In particular, the pilot tones are located at indices {+44, £156, £300,
+412}, in the illustrated embodiment. The OFDM symbol 900 includes 990 data tones.
Accordingly, the number of data tones is divisible by 3 and 6, in this embodiment. As a
result, an integer number of Npgps requirement is satisfied for all or most modulation and
coding schemes defined by the first communication protocol, in an embodiment.
Whereas data tone efficiency in an 80 MHz-wide channel according to the IEEE
802.11ac Standard is approximately 91.41% (234 data tones/256 total tones), data tone
efficiency on the OFDM symbol 900 is approximately 96.68% (990 data tones/1024 total

tones), in the illustrated embodiment.

[0093] In some embodiments, an OFDM symbol for a 40 MHz channel corresponds to
two concatenated 20 MHz OFDM symbols. For example, an OFDM symbol for a 40
MHz-wide channel, according to an embodiment, corresponds to a size 512 IDFT (or two
128 IDFTs). The OFDM symbol for a 40 MHz-wide channel corresponds to two
concatenated 20 MHz OFDM symbols 700 of Fig. 7, in an embodiment. Similarly, an
OFDM symbol for a 160 MHz-wide channel corresponds to two concatenated 80 MHz
OFDM symbols, in an example embodiment. For example, the OFDM symbol for a 160
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MHz-wide channel corresponds to two concatenated 80 MHz OFDM symbols 900 of Fig.
9, in an example embodiment. Alternatively, in another embodiment, an OFDM symbol
that corresponds to a 160 MHz-wide channel is generated using a single segment of
coded bits and a size 2048 IDFT (with an OFDM symbol that utilizes 1/2 tone spacing) or
a size 1024 IDFT (with an OFDM symbol that utilizes 1/2 tone spacing). In an
embodiment, the OFDM symbol that corresponds to a 160 MHz-wide channel and is
generated using a single segment of coded bits includes guard tones, DC tones and pilot
tones. In an embodiment, an OFDM symbol that corresponds to a 160 MHz-wide
channel and conforms to a single segment format of the first communication protocol
includes less pilot tones as compared to a compound 160 MHz OFDM symbol that
conforms to the IEEE 802.11ac Standard. For example, an OFDM symbol an OFDM
symbol that corresponds to a 160 MHz-wide channel and conforms to a single segment
format of the first communication protocol includes ten pilot tones that are at least
approximately equally spaced across the 160 MHz bandwidth. In an embodiment, pilot
tone locations defined for a 160 MHz-wide channel by the first communication protocol
are divisible by 4. In another embodiment, however, pilot tone locations defined for a
160 MHz-wide channel by the first communication protocol are not necessarily divisible

by 4.

[0094] As just an example, an OFDM symbol that corresponds to a 160 MHz-wide
channel and size 2048 IDFT (1/4 tone spacing) includes 2048 tones, in an embodiment.
The 2048 tones, indexed -1024 to 1023, include guard tones, DC tones, data tones, and
pilot tones. 13 lowest frequency tones and the 12 highest frequency tones are guard
tones. Three tones indexed from -1 to +1 are DC tones. The 2048 tones further include
10 pilot tones, in an embodiment. The 10 pilot tones are at least approximately equally
spaced over the 160 MHz bandwidth, in an embodiment. In an embodiment, pilot tone
locations of the 10 pilot tones are divisible by 4. In another embodiment, however, pilot
tone locations of the 10 pilot tones are not necessarily divisible by 4. The 2048 tones

include 2010 data tones, in an embodiment. The number of data tones is divisible by 3
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and 6, in this embodiment. Data tone efficiency is approximately 98.14% (2010 data

tones/1048 total tones), in this embodiment.

[0095] Fig. 10 is a diagram of a PHY data unit 1000 that the AP 14 is configured to
transmit to a client station (e.g., the client stations 25-1) via OFDM modulation,
according to an embodiment. In an embodiment, the client station 25-1 is also configured
to transmit the data unit 1000 to the AP 14. In an embodiment, PHY processing units
such as the PHY processing unit 500 of Fig. 5 or the PHY processing unit 600 of Fig. 6
are configured to generate the data unit 1000. In other embodiments, however, the data
unit 1000 is generated by a PHY processing unit different from the PHY processing unit
500 of Fig. 5 or the PHY processing unit 600 of Fig. 6.

[0096] The OFDM data unit 1000 is similar to the OFDM data unit 200 of Fig. 2A and
includes many of the same elements of the OFDM data unit 200 of Fig. 2A. At least
some of like-numbered elements with the OFDM data unit 200 of Fig. 2A are not
discussed in detail merely for purposes of brevity. Additionally, the OFDM data unit
1000 includes a signal extension (SE) field 1002. The SE field 1002 follows the data
field 204, in the illustrated embodiment. In an embodiment, the SE field 1002 is provides
extra time that a receiver of the data unit 1000 may use decode an end of the data unit
1000 before transmitting an acknowledgement to acknowledge successful (or
unsuccessful) receipt of the data unit 1000. For example, according to the first
communication, the receiving device transmits the acknowledgement signal after a
certain time period, such as a short interframe space (SIFS) of 16 s, in an embodiment.
However, due to reduced tone spacing and higher data efficiency of the first
communication protocol, the receiving device needs to process and decode a relatively
larger number of bits in each OFDM symbol of the data field 240 of the data unit 1000,
particularly when the data unit 1000 is transmitted in a transmission mode corresponding
to a relatively larger bandwidth (e.g., 80 MHz, 160 MHz, etc.) and/or using a modulation

and coding scheme (MCS) with relatively larger modulation order and/or relatively high
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coding rate (“high order MCS”), in at least some embodiments and/or scenarios. In an
embodiment, the SE field 1002 is of a suitable length to provide a sufficiently long time
to allow the receiving device to process and decode OFDM symbols of the data portion
240, and to prepare an acknowledgement frame, prior to expiration of the certain time
period (e.g., SIFS) after the end of the data unit 1000. In an embodiment, the receiver is
aware, for example a priori before receiving the data unit 1000, or after decoding a
preamble (e.g., the HEW-SIGA field 220 and/or the HEW_SIGB field 235) of the data
unit 1000, of the presence and the length of the SE field 1002 in the data unit 1000.
Further, a length indication in the L-SIG field 215 indicative of a length of the data unit
1000 after the L-SIG field 215 indicates a length that includes the SE field 1002, in an
embodiment. The receiving device, however, need not process and/or decode the SE

field 1002, in an embodiment.

[0097] In an embodiment, the SE field 1002 includes a set of “zero” bits. In another
embodiment, the SE field 1002 includes any suitable “junk™ bits. In an embodiment, the
junk bits of the SE field 1002 are provided to maintain the same PAPR as in the data
portion 240. In an embodiment, the SE field 1002 includes one or more OFDM symbols
generating using a normal tone spacing and a regular guard interval of 0.8 ps. In this
embodiment, the duration of each of one or more OFDM symbols of the SE field 1002 is
4 pus. In other embodiments, however, one or more OFDM symbols of the SE field 1002
are generated with a suitable tone spacing different from the normal tone spacing and/or
with a guard interval different from the regular guard interval. In at least some such
embodiments, the duration of each of the one or more OFDM symbols generated with a
suitable tone spacing different from the normal tone spacing and/or with a guard interval
different from the regular guard interval is a value different from 4 ps. In some
embodiments, a power boost is provided for the SE field 1002 to maintain power that is

the same as or similar to the power of the data portion 240.
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[0098] In an embodiment, an SE field, such as the SE field 1002, is used with data units
conforming to all transmission modes (¢€.g., all channel bandwidths and all modulation
and coding schemes) defined by the first communication protocol. Alternatively, in
another embodiment, an SE field such as the SE field 1002 is used with data units
conforming to only some transmission modes (e.g., with only some combinations of
channel bandwidths and modulation and coding schemes) defined by the first
communication protocol. As just an illustrative example, an SE field such as the SE field
1002 is used only with 80MHz-wide and 160 MHz-wide channels, in an embodiment. As
another example, an SE field such as the SE field 1002 is used only with 80MHz-wide
and 160 MHz-wide channels and additionally with only one or more high order
modulation and coding schemes. In an embodiment, a transmitting device determines
whether or not to include an SE field in a data unit, and indicates presence or absence of
an SE field in a preamble of the data unit. For example, the HEW-SIGA field 220 or the
HEW-SIGB field 235 of the data unit 1000 includes an indication (e.g., a single bit) that

indicates presence or absence of an SE field in the data unit 1100, in an embodiment.

[0100] Fig. 11 is a flow diagram of an example method 1100 for generating a data unit,
according to an embodiment. With reference to Fig. 1, the method 1100 is implemented
by the network interface device 16, in an embodiment. For example, in one such
embodiment, the PHY processing unit 20 is configured to implement the method 1100.
According to another embodiment, the MAC processing 18 is also configured to
implement at least a part of the method 1100. With continued reference to Fig. 1, in yet
another embodiment, the method 1100 is implemented by the network interface device 27
(e.g., the PHY processing unit 29 and/or the MAC processing unit 28). In other
embodiments, the method 1100 is implemented by other suitable network interface

devices.

[0101] Atblock 1102, one or more OFDM symbols for a data unit conforming to a first

communication protocol are generated. Each OFDM symbol occupies a first bandwidth,
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is generated with a first tone spacing, and includes a set of pilot tones, in an embodiment.
In an embodiment, the first tone spacing is a reduced tone spacing with respect to a tone
spacing defined for the first bandwidth by a second communication protocol. As an
example, the first tone spacing corresponds to the reduced tone spacing 350 of Fig. 3C
whereas the second tone spacing corresponds to the normal tone spacing 300 of Fig. 3A.
In this embodiment, the first tone spacing is reduced by a factor 1/4 with respect to the
second tone spacing. As a result, an OFDM symbol generated at block 1102 includes a
greater number of tones (scaled by a factor of 4) as compared to OFDM symbols
generated for the first bandwidth according to the second communication protocol. On
the other hand, the set of pilot tones included in the OFDM symbol is the same as the
number of pilot tones defined for the first bandwidth by the second communication
protocol, in an embodiment. In an embodiment, the first communication protocol is the
HEW communication protocol and the second communication protocol is the IEEE
802.11ac Standard. In another embodiment, the first communication protocol and/or the

second communication protocol is another suitable communication protocol.

[0102] Atblock 1104, the data unit is generated. In an embodiment, one of the data
unit 200 of Fig. 2A or the data unit 1000 of Fig. 10 is generated. In another embodiment,
another suitable data unit is generated. The data unit is generated to include the one or
more OFDM symbols generated at block 1102, in an embodiment. The data unit is
generated to include the one or more OFDM symbols generated at block 1102 in a data

portion of the data unit, in an embodiment.

[0103] Fig. 12 is a flow diagram of an example method 1200 for generating a data unit,
according to an embodiment. With reference to Fig. 1, the method 1200 is implemented
by the network interface device 16, in an embodiment. For example, in one such
embodiment, the PHY processing unit 20 is configured to implement the method 1200.
According to another embodiment, the MAC processing 18 is also configured to

implement at least a part of the method 1200. With continued reference to Fig. 1, in yet
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another embodiment, the method 1200 is implemented by the network interface device 27
(e.g., the PHY processing unit 29 and/or the MAC processing unit 28). In other
embodiments, the method 1200 is implemented by other suitable network interface

devices.

[0104] At block 1202, one or more OFDM symbols for a data unit are generated. Block
1202 includes blocks 1204 and 1206. At block 1204, if the data unit is to be transmitted
in a first transmission mode corresponding to a first bandwidth or in a second
transmission mode corresponding to a second bandwidth, the one or more OFDM
symbols are generated based on a first tone map corresponding to a first number of
OFDM tones. In an embodiment, the second bandwidth is twice of the first bandwidth.
For example, in an embodiment, the first bandwidth is 20 MHz and the second bandwidth
is 40 MHz. In other embodiments, the first bandwidth is a suitable bandwidth different
from 20 MHz and/or the second bandwidth is a suitable bandwidth different from 40
MHz. In an embodiment, the first tone map corresponds to 256 OFDM tones (e.g., the
tone map 700 of Fig. 7 or another suitable tone map having 256 OFDM tones). In this
embodiment, if the data unit is to be transmitted in the first transmission mode
corresponding to the first bandwidth, each OFDM symbol generated at block 1204
includes 256 OFDM tones generated based on the first tone map. Continuing with the
same embodiment, if the data unit is to be transmitted in the second transmission mode
corresponding to the second bandwidth, each OFDM symbol generated at block 1204
includes 512 OFDM tones. In particular, if the data unit is to be transmitted in the second
transmission mode, each OFDM symbol generated at block 1204 includes two blocks of
256 OFDM tones, wherein each block corresponds to a sub-band of the second
bandwidths and is generated based on the first tone map shifted or mirrored to the
corresponding sub-band, in an embodiment. For example, a first block corresponds to the
lower 20 MHz sub-band of the 40 MHz-wide channel and is generated based on the first
tone map shifted or mirrored to the lower 20 MHz sub-band of the 40 MHz-wide channel,
and a second block corresponds to the upper 20 MHz sub-band of the 40 MHz-wide
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channel and is generated based on the first tone map shifted or mirrored to the upper 20
MHz sub-band of the 40 MHz-wide channel, in an embodiment. In another embodiment,
the first tone map includes a suitable number of OFDM tones different from 256 OFDM

tones.

[0105] At block 1206, if the data unit is to be transmitted in a third transmission mode
corresponding to a third bandwidth or in a fourth transmission mode corresponding to a
fourth bandwidth, the one or more OFDM symbols are generated based on a second tone
map corresponding to a second number of OFDM tones. In an embodiment, the third
bandwidth is twice of the second bandwidth and the fourth bandwidth is twice of the third
bandwidth. For example, continuing with the embodiment above, if at block 1204 the
first bandwidth is 20 MHz and the second bandwidth is 40 MHz, then at block 1206 the
third bandwidth is 80 MHz and the fourth bandwidth is 160 MHz, in an embodiment. In
other embodiments, the third bandwidth is a suitable bandwidth different from 80 MHz
and/or the fourth bandwidth is a suitable bandwidth different from 160 MHz. In an
embodiment, the second tone map corresponds to 1024 OFDM tones. In this
embodiment, if the data unit is to be transmitted in the third transmission mode
corresponding to the third bandwidth, each OFDM symbol generated at block 1206
includes 1024 OFDM tones (e.g., the tone map 900 of Fig. 9 or another suitable tone map
having 1024 OFDM tones). Continuing with the same embodiment, if the data unit is to
be transmitted in the fourth transmission mode corresponding to the fourth bandwidth,
each OFDM symbol generated at block 1206 includes 2048 OFDM tones. In particular,
if the data unit is to be transmitted in the second transmission mode, each OFDM symbol
generated at block 1206 includes two blocks of 1024 OFDM tones, wherein each block
corresponds to a sub-band of the fourth bandwidths and is generated based on the second
tone map shifted or mirrored to the corresponding sub-band of the fourth bandwidths, in
an embodiment. For example, a first block corresponds to the lower 80 MHz sub-band of
the 160 MHz-wide channel and is generated based on the first tone map shifted or

mirrored to the lower 80 MHz sub-band of the 160 MHz-wide channel, and a second
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block corresponds to the upper 80 MHz sub-band of the 160 MHz-wide channel and is
generated based on the first tone map shifted or mirrored to the upper 80 MHz sub-band
of the 160 MHz-wide channel, in an embodiment. In another embodiment, the second

tone map includes a suitable number of OFDM tones different from 1024 OFDM tones.

[0106] Atblock 1208, the data unit is generated. In an embodiment, one of the data
unit 200 of Fig. 2A or the data unit 1000 of Fig. 10 is generated. In another embodiment,
another suitable data unit is generated. The data unit is generated to include the one or
more OFDM symbols generated at block 1202, in an embodiment. The data unit is
generated to include the one or more OFDM symbols generated at block 1202 in a data

portion of the data unit, in an embodiment.

[0107] Further aspects of the present invention relate to one or more of the following

clauses.

[0108] In an embodiment, a method for generating a data unit for transmission via a
communication channel, the data unit conforming to a first communication protocol,
includes generating, at a communication device, one or more orthogonal frequency
division multiplexing (OFDM) symbols, wherein each OFDM symbol of the one or more
OFDM symbols (i) occupies a first bandwidth, (ii) is generated with a first tone spacing,
and (ii1) includes a set of pilot tones. The first tone spacing is a fraction 1/N of a second
tone spacing, the second tone spacing defined for the first bandwidth by a second
communication protocol, wherein N is a positive integer greater than one. The set of
pilot tones includes a same number of pilot tones as defined for the first bandwidth by the
second communication protocol. The method additionally includes generating, at the
communication device, the data unit to include the one or more OFDM symbols in a data

portion of the data unit.

[0109] In other embodiments, the method includes any suitable combination of one or

more of the following features.
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[0110] Generating the one or more OFDM symbols includes encoding information bits
using one or more binary convolution code (BCC) encoders to generate coded bits,
interleaving the coded bitsusing a first set of interleaving parameters, wherein
interleaving parameters in the first set of interleaving parameters are scaled versions of
corresponding interleaving parameters in a second set of interleaving parameters, the
second set of interleaving parameters defined for the first bandwidth by the second
communication protocol, mapping the interleaved coded bits onto a plurality of
constellation points, and forming the one or more OFDM symbols based on the plurality

of constellation points.
[0111] The first set of interleaving parameters includes N, N,,,, and N,,;.

[0112] N, of the first set of interleaving parameters is N,,; of the second set of
interleaving parameters multiplied by square root of N and adjusted based on a total

number of data tones in each OFDM symbol.

[0113] N,,, of the first set of interleaving parameters is NV,,,, of the second set of

interleaving parameters multiplied by square root of N.

[0114] N, of the first set of interleaving parameters is NV,,, of the second set of

interleaving parameters multiplied by N.

[0115] Generating the one or more OFDM symbols includes encoding information bits
using one or more low density parity check (LDPC) encoders to generate coded bits,
mapping blocks of coded bits onto constellation points; and mapping consecutively
generated constellation points onto non-consecutive tones using a tone mapping distance
D,, wherein the tone mapping distance D; is a scaled version of corresponding tone
mapping distance D, defined for the first bandwidth by the second communication

protocol, wherein D=N*D,.

[0116] Each OFDM symbol of the one or more OFDM symbols further includes a first

set of guard tones, and wherein the first set of guard tones includes a greater number of
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guard tones than a number of guard tones in a second set of guard tones, the second set of

guard tones defined for the first bandwidth by the second communication protocol.

[0117] The first bandwidth is 80 MHz, and wherein each OFDM symbol of the one or
more OFDM symbols includes 1024 tones.

[0118] The integer N is equal to four.

[0119] Generating the data unit further comprises generating the data unit to further
include an extension signal field that follows the one or more OFDM symbols, wherein
the extension signal field is generated using the second tone spacing defined for the first

bandwidth by the second communication protocol.

[0120] In another embodiment, an apparatus comprises a network interface device
having one or more integrated circuits configured to generate one or more orthogonal
frequency division multiplexing (OFDM) symbols for a data unit that conforms to a first
communication protocol, wherein each OFDM symbol of the one or more OFDM
symbols (i) occupies a first bandwidth, (ii) are generated with a first tone spacing, and
(ii1) includes a set of pilot tones. The first tone spacing is a fraction 1/N of a second tone
spacing, the second tone spacing defined for the first bandwidth by a second
communication protocol, wherein N is a positive integer greater than one. The set of
pilot tones includes a same number of pilot tones as defined for the first bandwidth by the
second communication protocol. The one or more integrated circuits are further
configured to generate the data unit to include the one or more OFDM symbols in a data

portion of the data unit.

[0121] In other embodiments, the apparatus includes any suitable combination of one or

more of the following features.

[0122] The one or more integrated circuits are further configured to encode information
bits using one or more binary convolution code (BCC) encoders to generate coded bits to

be included in the data unit.
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[0123] The one or more integrated circuits are further configured to interleave the
coded bits coded bits, including interleaving the coded bits using a first set of interleaving
parameters, wherein interleaving parameters in the first set of interleaving parameters are
scaled versions of corresponding interleaving parameters in a second set of interleaving
parameters, the second set of interleaving parameters defined for the first bandwidth by

the second communication protocol.

[0124] The one or more integrated circuits are further configured to map the interleaved
coded bits onto a plurality of constellation points, and form the one or more OFDM

symbols based on the plurality of constellation points.
[0125] The first set of interleaving parameters includes N, N,,,, and N,,;.

[0126] N, of the first set of interleaving parameters is N,,; of the second set of
interleaving parameters multiplied by square root of N and adjusted based on a total

number of data tones in each OFDM symbol.

[0127] N,,, of the first set of interleaving parameters is NV,,,, of the second set of

interleaving parameters multiplied by square root of N.

[0128] N, of the first set of interleaving parameters is NV,,, of the second set of

interleaving parameters multiplied by N.

[0129] The one or more integrated circuits are configured to encode information bits

using one or more low density parity check (LDPC) encoders to generate coded bits.

[0130] The one or more integrated circuits are further configured to map blocks of

coded bits onto constellation points.

[0131] The one or more integrated circuits are further configured to map consecutively
generated constellation points onto non-consecutive tones such using a tone mapping
distance D, wherein the tone mapping distance D, is a scaled version of corresponding
tone mapping distance D, defined for the first bandwidth by the second communication

protocol, wherein D;=N*D,.
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[0132] The one or more integrated circuits are configured to generate each OFDM
symbol of the one or more OFDM symbols to further include a first set of guard tones,
and wherein the first set of guard tones includes a greater number of guard tones than a
number of guard tones in a second set of guard tones, the second set of guard tones

defined for the first bandwidth by the second communication protocol.

[0133] The first bandwidth is 80 MHz, and wherein each OFDM symbol of the one or
more OFDM tones includes 1024 tones.

[0134] The integer N is equal to four.

[0135] The one or more integrated circuits are further configured to generate the data
unit to include (i) the one or more OFDM symbols and (ii) an extension signal field that
follows the one or more OFDM symbols, wherein the extension signal field is generated
using the second tone spacing defined for the first bandwidth by the second

communication protocol.

[0136] In yet another embodiment, a method for generating a data unit for transmission
via a communication channel includes generating, at a communication device, one or
more orthogonal frequency division multiplexing (OFDM) symbols, including generating
the one or more OFDM symbols based on a first tone map corresponding to a first
number of OFDM tones or based on a second tone map corresponding to a second
number of OFDM tones. The first tone map is used if the data unit is to be transmitted in
a first transmission mode corresponding to a first bandwidth or a second transmission
mode corresponding to a second bandwidth, wherein the second bandwidth is twice of the
first bandwidth. The second tone map used if the data unit is to be transmitted in a third
transmission mode corresponding to a third bandwidth or a fourth transmission mode
corresponding to a fourth bandwidth, wherein the third bandwidth is twice of the second
bandwidth and the fourth bandwidth is twice of the third bandwidth. The method
additionally includes generating the data unit to include the one or more OFDM symbols

in a data portion of the data unit.
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[0137] In other embodiments, the method includes any suitable combination of one or

more of the following features.

[0138] The first bandwidth is 20 MHz, the second bandwidth is 40 MHz, the third
bandwidth is 80 MHz, and the fourth bandwidth is 160 MHz.

[0139] The first number of OFDM tones is 256 tones, the second number of OFDM
tones is 512 tones, the third number of OFDM tones is 1024 tones, and the fourth number
of OFDM tones is 2048 tones.

[0140] In still another embodiment, an apparatus comprises a network interface device
having one or more integrated circuits configured to generate one or more orthogonal
frequency division multiplexing (OFDM) symbols, including generating the one or more
OFDM symbols based on a first tone map corresponding to a first number of OFDM
tones or based on a second tone map corresponding to a second number of OFDM tones.
The first tone map is used if the data unit is to be transmitted in a first transmission mode
corresponding to a first bandwidth or a second transmission mode corresponding to a
second bandwidth, wherein the second bandwidth is twice of the first bandwidth. The
second tone map used if the data unit is to be transmitted in a third transmission mode
corresponding to a third bandwidth or a fourth transmission mode corresponding to a
fourth bandwidth, wherein the third bandwidth is twice of the second bandwidth and the
fourth bandwidth is twice of the third bandwidth. The one or more integrated circuits are
further configured to generate the data unit to include the one or more OFDM symbols in

a data portion of the data unit.

[0141] In other embodiments, the apparatus includes any suitable combination of one or

more of the following features.

[0142] The first bandwidth is 20 MHz, the second bandwidth is 40 MHz, the third
bandwidth is 80 MHz, and the fourth bandwidth is 160 MHz.
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[0143] The first number of OFDM tones is 256 tones, the second number of OFDM
tones is 512 tones, the third number of OFDM tones is 1024 tones, and the fourth number
of OFDM tones is 2048 tones.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. Likewise, the software or firmware instructions may be delivered
to a user or a system via any known or desired delivery method including, for example,
on a computer readable disk or other transportable computer storage mechanism or via
communication media. Communication media typically embodies computer readable
instructions, data structures, program modules or other data in a modulated data signal
such as a carrier wave or other transport mechanism. The term “modulated data signal”
means a signal that has one or more of its characteristics set or changed in such a manner
as to encode information in the signal. By way of example, and not limitation,
communication media includes wired media such as a wired network or direct-wired
connection, and wireless media such as acoustic, radio frequency, infrared and other
wireless media. Thus, the software or firmware instructions may be delivered to a user or
a system via a communication channel such as a telephone line, a DSL line, a cable
television line, a fiber optics line, a wireless communication channel, the Internet, etc.
(which are viewed as being the same as or interchangeable with providing such software
via a transportable storage medium). The software or firmware instructions may include
machine readable instructions that, when executed by the processor, cause the processor

to perform various acts.
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[0144] When implemented in hardware, the hardware may comprise one or more of
discrete components, an integrated circuit, an application-specific integrated circuit

(ASIC), etc.

[0145] 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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What is claimed is:

1. A method for generating a data unit for transmission via a communication
channel, the data unit conforming to a first communication protocol, the method

comprising:

generating, at a communication device, one or more orthogonal frequency division
multiplexing (OFDM) symbols, wherein each OFDM symbol of the one or more OFDM
symbols (i) occupies a first bandwidth, (ii) is generated with a first tone spacing, and (iii)

includes a set of pilot tones, wherein

the first tone spacing is a fraction 1/N of a second tone spacing, the second
tone spacing defined for the first bandwidth by a second communication protocol,

wherein N is a positive integer greater than one, and

the set of pilot tones includes a same number of pilot tones as defined for

the first bandwidth by the second communication protocol; and

generating, at the communication device, the data unit to include the one or more

OFDM symbols in a data portion of the data unit.

2. The method of claim 1, wherein generating the one or more OFDM

symbols includes:

encoding information bits using one or more binary convolution code (BCC)

encoders to generate coded bits;

interleaving the coded bits using a first set of interleaving parameters, wherein
interleaving parameters in the first set of interleaving parameters are scaled versions of
corresponding interleaving parameters in a second set of interleaving parameters, the
second set of interleaving parameters defined for the first bandwidth by the second

communication protocol;
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mapping the interleaved coded bits onto a plurality of constellation points; and

forming the one or more OFDM symbols based on the plurality of constellation

points.

3. The method of claim 2, wherein the first set of interleaving parameters

includes N.,;, N,,,, and N,,,, wherein:

N.,; of the first set of interleaving parameters is N,,; of the second set of
interleaving parameters multiplied by square root of N and adjusted based on a total

number of data tones in each OFDM symbol;

N, of the first set of interleaving parameters is N,,,, of the second set of

interleaving parameters multiplied by square root of N; and

N, of the first set of interleaving parameters is N, of the second set of

interleaving parameters multiplied by N.

4. The method of claim 1, wherein generating the one or more OFDM

symbols includes:

encoding information bits using one or more low density parity check (LDPC)

encoders to generate coded bits;
mapping blocks of coded bits onto constellation points; and

mapping consecutively generated constellation points onto non-consecutive tones
using a tone mapping distance D;, wherein the tone mapping distance D, is a scaled
version of corresponding tone mapping distance D, defined for the first bandwidth by the

second communication protocol, wherein D1=N*D,.
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5. The method of claim 1, wherein each OFDM symbol of the one or more
OFDM symbols further includes a first set of guard tones, and wherein the first set of
guard tones includes a greater number of guard tones than a number of guard tones in a
second set of guard tones, the second set of guard tones defined for the first bandwidth by

the second communication protocol.

6. The method of claim 1, wherein the first bandwidth is 80 MHz, and
wherein each OFDM symbol of the one or more OFDM symbols includes 1024 tones.

7. The method of claim 1, wherein the integer N is equal to four.

8. The method of claim 1, wherein generating the data unit further comprises
generating the data unit to further include an extension signal field that follows the one or
more OFDM symbols, wherein the extension signal field is generated using the second

tone spacing defined for the first bandwidth by the second communication protocol.

0. An apparatus, comprising:
a network interface device having one or more integrated circuits configured to

generate one or more orthogonal frequency division multiplexing (OFDM)
symbols for a data unit that conforms to a first communication protocol, wherein each
OFDM symbol of the one or more OFDM symbols (i) occupies a first bandwidth, (ii) are

generated with a first tone spacing, and (iii) includes a set of pilot tones, wherein

the first tone spacing is a fraction 1/N of a second tone spacing, the
second tone spacing defined for the first bandwidth by a second communication protocol,

wherein N is a positive integer greater than one, and
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the set of pilot tones includes a same number of pilot tones as

defined for the first bandwidth by the second communication protocol, and

generate the data unit to include the one or more OFDM symbols in a data

portion of the data unit.

10.  The apparatus of claim 9, wherein the one or more integrated circuits are

further configured to:

encode information bits using one or more binary convolution code (BCC)

encoders to generate coded bits to be included in the data unit;

interleave the coded bits using a first set of interleaving parameters, wherein
interleaving parameters in the first set of interleaving parameters are scaled versions of
corresponding interleaving parameters in a second set of interleaving parameters, the
second set of interleaving parameters defined for the first bandwidth by the second

communication protocol;
map the interleaved coded bits onto a plurality of constellation points; and

form the one or more OFDM symbols based on the plurality of constellation

points.

11.  The apparatus of claim 10, wherein the first set of interleaving parameters

includes N.,;, N,,,, and N,,,, wherein:

N.,; of the first set of interleaving parameters is N,,; of the second set of
interleaving parameters multiplied by square root of N and adjusted based on a total

number of data tones in each OFDM symbol;

N, of the first set of interleaving parameters is N,,,, of the second set of

interleaving parameters multiplied by square root of N; and
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N,,; of the first set of interleaving parameters is N, of the second set of

interleaving parameters multiplied by N.

12.  The apparatus of claim 9, wherein the one or more integrated circuits are

configured to:

encode information bits using one or more low density parity check (LDPC)

encoders to generate coded bits;
map blocks of coded bits onto constellation points; and

map consecutively generated constellation points onto non-consecutive tones such
using a tone mapping distance D;, wherein the tone mapping distance D, is a scaled
version of corresponding tone mapping distance D, defined for the first bandwidth by the

second communication protocol, wherein D1=N*D,.

13.  The apparatus of claim 9, wherein the one or more integrated circuits are
configured to generate each OFDM symbol of the one or more OFDM symbols to further
include a first set of guard tones, and wherein the first set of guard tones includes a
greater number of guard tones than a number of guard tones in a second set of guard
tones, the second set of guard tones defined for the first bandwidth by the second

communication protocol.

14.  The apparatus of claim 9, wherein the first bandwidth is 80 MHz, and
wherein each OFDM symbol of the one or more OFDM tones includes 1024 tones.

15.  The apparatus of claim 9, wherein the integer N is equal to four.
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16.  The apparatus of claim 9, wherein the one or more integrated circuits are
further configured to generate the data unit to include (i) the one or more OFDM symbols
and (ii) an extension signal field that follows the one or more OFDM symbols, wherein
the extension signal field is generated using the second tone spacing defined for the first

bandwidth by the second communication protocol.

17. A method for generating a data unit for transmission via a communication

channel, the method comprising:

generating, at a communication device, one or more orthogonal frequency division
multiplexing (OFDM) symbols, including generating the one or more OFDM symbols
based on a first tone map corresponding to a first number of OFDM tones or based on a

second tone map corresponding to a second number of OFDM tones, wherein

the first tone map is used if the data unit is to be transmitted in a first
transmission mode corresponding to a first bandwidth or a second transmission mode
corresponding to a second bandwidth, wherein the second bandwidth is twice of the first

bandwidth, and

the second tone map used if the data unit is to be transmitted in a third
transmission mode corresponding to a third bandwidth or a fourth transmission mode
corresponding to a fourth bandwidth, wherein the third bandwidth is twice of the second

bandwidth and the fourth bandwidth is twice of the third bandwidth; and

generating the data unit to include the one or more OFDM symbols in a data

portion of the data unit.

18.  The method of claim 17, wherein (i) the first bandwidth is 20 MHz, (ii) the
second bandwidth is 40 MHz, (iii) the third bandwidth is 80 MHz, and (iv) the fourth
bandwidth is 160 MHz.
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19.  The method of claim 18, wherein (i) the first number of OFDM tones is 256
tones, (ii) the second number of OFDM tones is 512 tones, (iii) the third number of

OFDM tones is 1024 tones, and (iv) the fourth number of OFDM tones is 2048 tones.

20.  An apparatus, comprising:
a network interface device having one or more integrated circuits configured to

generate one or more orthogonal frequency division multiplexing (OFDM)
symbols, including generating the one or more OFDM symbols based on a first tone map
corresponding to a first number of OFDM tones or based on a second tone map

corresponding to a second number of OFDM tones, wherein

the first tone map is used if the data unit is to be transmitted in a first
transmission mode corresponding to a first bandwidth or a second transmission mode
corresponding to a second bandwidth, wherein the second bandwidth is twice of the first

bandwidth, and

the second tone map used if the data unit is to be transmitted in a
third transmission mode corresponding to a third bandwidth or a fourth transmission
mode corresponding to a fourth bandwidth, wherein the third bandwidth is twice of the

second bandwidth and the fourth bandwidth is twice of the third bandwidth, and

generate the data unit to include the one or more OFDM symbols in a data

portion of the data unit.

21.  The apparatus of claim 20, wherein (i) the first bandwidth is 20 MHz, (i1)
the second bandwidth is 40 MHz, (iii) the third bandwidth is 80 MHz, and (iv) the fourth
bandwidth is 160 MHz.



WO 2015/187720 PCT/US2015/033818
63

22.  The apparatus of claim 20, wherein (i) the first number of OFDM tones is
256 tones, (ii) the second number of OFDM tones is 512 tones, (iii) the third number of
OFDM tones is 1024 tones, and (iv) the fourth number of OFDM tones is 2048 tones.
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FIG. 11

/ 1100

Ve 1102

Generate one or more OFDM symbols for a data unit
conforming to a first communication protocol, wherein
each OFDM symbol, wherein each OFDM symbol (i)
occupies a first bandwidth, (ii) is generated with a first tone
spacing, and (iii) includes a set of pilot tones, wherein the
first tone spacing is a fraction 1/N of a second tone spacing
defined for the first bandwidth by a second communication
protocol and the set of pilot tones includes a same number
of pilot tones as defined for the first bandwidth by the
second communication protocol

l 7 1104

Generate the data unit to include the one or more OFDM
symbols in a data portion of the data unit
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FIG. 12

/ 1200

/ 1202

PCT/US2015/033818

/ 1204

Generate one or more OFDM symbols for a data
unit

Use a first tone map corresponding to a first
number of OFDM tones if the data unit is to be
transmitted in a first transmission mode
corresponding to a first bandwidth or a second
transmission mode corresponding to a second
bandwidth

/ 1206

v 4

Use a second tone map corresponding to a
second number of OFDM tones if the data unit
is to be transmitted in a third transmission mode
corresponding to a third bandwidth or a fourth
transmission mode corresponding to a fourth
bandwidth

1208

Generate the data unit to include the one or
more OFDM symbols in a data portion of the
data unit




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - claims
	Page 58 - claims
	Page 59 - claims
	Page 60 - claims
	Page 61 - claims
	Page 62 - claims
	Page 63 - claims
	Page 64 - claims
	Page 65 - drawings
	Page 66 - drawings
	Page 67 - drawings
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - drawings
	Page 74 - drawings
	Page 75 - drawings
	Page 76 - drawings

