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1  Executive Summary

The TGn Sync team respectfully submits its complete proposal. The team is comprised of 802.11 WG participants
whose companies represent a broad range of markets, including, PC, Enterprise, Consumer Electronics, Handset,
Semiconductor and Public Access. Since these companies are based in the US, Europe and Asia Pacific, the team
has had the benefit of a worldwide perspective, both in terms of perceived market demand as well as regulatory
concerns (including channel bandwidth limitations, limited channel access, restricted transmission times, etc.).

Our goal has been to align (or “sync” with) 802.11n members to a single set of core positions prior to the TGn down
selection phase. By aligning before entrenched positions form, we hope to increase the possibility of a more rapid
introduction of an 802.11n standard.

The team has worked as a technical group for many months to develop a TGn proposal, recognizing that whatever
decisions were made had to ultimately survive the TGn process and therefore be based solely on technical merit.
There were no signed agreements involved in joining the TGn Sync team. There was no attempt to develop joint IP
and each company was expected to abide by the same reasonable and non-discriminatory terms that the IEEE
bylaws require.

The technical approach balances market expectations with design practicality. The solution is a robust, scalable
architecture targeting the least amount of complexity. In fact, the basic configuration delivers a maximum
mandatory rate of 243 Mbps using only two antennas. This rate is consistent with the historical trend of 5x with each
generation of 802.11 (802.11/2Mbps, 802.11b/11Mbps, and finally 802.11a/ 54Mbps). The proposal also
incorporates options for higher rates beyond 600 Mbps. This choice of higher peak data rates was seen as critical for
future proofing this next generation of WLAN.

The PHY techniques used to achieve the higher data rates involve a MIMO evolution of 802.11 OFDM PHY with
spatial division multiplexing of spatial streams, wider bandwidth options (either 20MHz or 40MHz, but not required
in regulatory domains where prohibited) and an optimized interleaver for both the 20 MHz and 40MHz
channelizations. Additionally, optional enhancements include advanced FEC coding techniques (LDPC), transmit
beamforming with negligible additional cost in the receiving client device and/or additional RF chains. These
options provide extra scalability if additional robustness and/or throughput is required.

The TGn Sync proposal also offers seamless interoperability with 802.11 legacy devices. This interoperability is
achieved with an enhanced 802.11 preamble design and efficient PHY and MAC level mechanisms, which also
provide robustess and cost-effectiveness.

The features added to improve MAC efficiency — for higher throughput and overall system performance — include
aggregation, bi-directional data flow, enhanced Block Ack, power management (to reduce power consumption),
channel management (including a receiver assisted channel training protocol) and feedback mechanisms that enable
rate adaptation. Protection mechanisms are also added to achieve the seamless interoperability and coexistence with
legacy devices mentioned above. The approach supports 802.11¢ and proposes new features for further
enhancement.

1.1 Proposal Structure

The TGn Sync complete proposal meets the [EEE 802.11n PAR, meets all functional requirements, and addresses all
mandatory requirements of the comparison criteria.

This document contains a technical specification of the proposed MAC and PHY enhancements.

[5] contains the presentation of the proposal in powerpoint format. (Please note that the summary presentation (4] is
no longer up to date).
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[6] contains a statement of compliance to the IEEE 802.11 TGn FRCC requirements.
(7] and {8] contain FRCC results (and others) for the PHY and MAC respectively.

[9] and [10] are Excel spreadsheets containing detailed FRCC results from MAC simulations, and [11] describes the
methodology used in these simulations.
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3 Definitions

Aggregate: A PSDU transported by the PHY with an aggregate attribute indicating that it contains multiple
MPDUs.

Initiator: A STA that holds a TXOP and transmits the first frame in a frame exchange sequence including aggregate
PPDUs and/or aggregate control frames (IAC/RAC/MRAD).

LongNAV: A MAC-layer protection mechanism that protects multiple PPDUs exchanged within a TXOP
Mixed Mode: A mode of operation of an HT BSS in which there are co-channel legacy devices present.

OFDM Format: Definition of subcarrier frequencies relative to the channel center frequency, and specification of
data bearing and pilot subcarriers.

Originator: A QSTA that sends data using the Block ACK mechanism.
Pairwise Spoofing: A PHY layer protection mechanism described in 7.1.7.2.1.

Preamble: short and long: Portions of the 802.11 HT PPDU used for PHY synchronization and channel
estimation.

Pure Mode: A mode of operation of a BSS in which there are no legacy devices.

Receiver: Any STA receiving the current PPDU.
Recipient: A QSTA that receives data using the Block ACK mechanism.

Responder: A STA that responds to an initiator in a frame exchange sequence including aggregate PPDUs and/or
aggregate control frames (IAC/RAC/MRAD).

SIGNAL FIELD: Portion of the 802.11 HT PHY PPDU that contains “Rate” and “Duration®, part of the PLCP
header.

Symbol: Typically refers to an OFDM symbol, which is a collection of sub-carriers (or tones)
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4 Abbreviations and acronyms

Term Description

ABF-MIMO Advanced Beamforming MIMO (Transmit Beamforming with Spatiat water filling
techniques on Multiple Spatial Streams)

ACK Acknowledgement

AGC Automatic Gain Control

AP Access Point

ATOC Aggregate Table Of Contents

BF-MIMO Beamforming MIMO (Basic Transmit Beamforming on Muitiple Spatial Streams)

CAP Controlled Access Phase

CcDD Cyclic Delay Diversity

CHDATA Compressed Header Data MPDU

CRC Cyclic Redundancy Check

csi Channel State Information

CSIT Channel State Information at the Transmitter

CTS Clear to Send

DLP Direct Link Protocol

DCB Decrease Channel Bandwidth MPDU

ERP Extended Rate PHY

FCS Frame Check Sequence

FPD Following Packet Descriptor

HC Hybrid Controller

HID Header identity

HT High Throughput

HT-LTF High Throughput Long Training Field

HT-SIG High Throughput Signal Field

HT-STF High Throughput Short Training Field

IAC Initiator Aggregate Control

ICB Increase Channel Bandwidth MPDU

IE Information Element

LLC Logical Link Control

L-LTF Legacy Long Training Field

L-SIG Legacy Signal Field

L-STF Legacy Short Training Field

MAC Medium Access Controller

MCS Modulation Coding Scheme - includes modulation order (BPSK, QPSK, 16-
QAM, 64-QAM, 256-QAM) and FEC code rate (1/2, 2/3, 3/4, 7/8)
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MFB MCS Feedback

MHDR MAC Header MPDU

MIMO Multiple input, multiple output (Both transmitter and receiver have muitiple
antennas for signaling over a point-to-point link)

MISO Multiple input, single output (transmitter has multiple antennas but receiver has
a single antenna)

MPDU MAC protocol data unit

MRA Multiple Receiver Aggregate — an aggregate that contains MPDUs for multiple
receiver addresses.

MRAD Muitiple Receiver Aggregate Descriptor

MRC Maximum Ratic Combining (a technique to maximize received SNR using
antenna signal combining).

MRMRA Mult{-response Aggregate — an MRA with muitiple responses from its multiple
receivers

MRQ MCS Request

MSDU MAC service data unit

NAV Network Allocation Vector (a MAC-level carrier-sense)

Nso Number of Data Subcarriers

Nss Number of Spatial Streams

Nrx Number of Receive Antennas

Nrx Number of Transmit Antennas

OFDM Orthogonal Frequency Division Multiplexing

PHY Physical Layer

PLCP PHY layer convergence protocol

PPDU PHY protocol data unit

PSDU PHY service data unit

Pure Mode A mode of operation of a BSS in which there are no legacy devices

QAP QoS access point

QoS Quality of service

QSTA QoS station

RAC Royal Automobile Club

RDG Reverse Direction Grant

RDL Reverse Direction Limit

RDR Reverse Direction Request

RDTID Reverse Direction Traffic Identifier

RPO Response Period Offset

RR Rate Recommendation

RSSI Receive Signal Strength Indicator

RTS Request to send
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RX Receiver

SAP Service Access Point

SF Signal Field

SIFS Short inter-frame spacing

SIMO Single input, multiple output (transmitter has a single antenna, receiver has
multiple antennas)

SISO Single input, single output (both transmitter and receiver have a single antenna)

SoP Start of Packet (i.e. PPDU Packet)

SRA Single Receiver Aggregate — an aggregate that contains MPDUs for a single
receiver address.

STA Station

SvD Singular Value Decomposition: For an arbitrary matrix A = USV™

TBD To be determined

TC Traffic Category

TGe 802.11 Task Group e - Quality of Service

TGn 802.11 Task Group n - Enhancements for Higher Throughput

TRMS Timed Receive Mode Switching

TRQ Training Request

TS Traffic Stream

TSID Traffic Stream Identifier

TSPEC Traffic specification

X Transmitter

TXOP Transmission opportunity
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5 Introduction

5.1 Purpose

This document defines proposed Enhancements for Higher Throughput within the scope of the Project Authorization
Request (PAR) [3] formulated for [EEE 802.11 Task Group n.

5.2 General description of MAC enhancements

The proposed MAC enhancements assume a baseline specification defined by IEEE 802.11 standard [1] and its later
amendments, including the draft IEEE 802.11e amendment [2]. The purpose of the enhancements is to significantly
improve throughput, providing a maximum throughput of at least 100Mbps, as measured at the MAC data service
access point (SAP).

The features supported by this TGn Sync MAC proposal are as follows:

e A Frame Aggregation format that allows aggregation of multiple Data and Control MPDUs in one PPDU.
Note, an aggregate can also include a single management frame, in addition to multiple data and control
frames per unicast receiver address.

e New Control MPDUs and (aggregate) frame exchange rules that control the exchange of multiple MPDUs
per PPDU between a single initiating STA and potentially multiple responding STAs.

¢ MAC header compression that allows more efficient medium usage when multiple Data MPDUs are
aggregated in a single PPDU.

e A receiver assisted channel training protocol.

e A reverse direction data protocol that allows efficient channel access for single and multiple responders
within a frame exchange sequence.

e Protection of the new frame exchange sequences may be provided through cne of two mechanisms: a
MAC-level mechanism based on NAYV reservations, and a PHY-level mechanism based on spoofing the
legacy PLCP rate/length information.

¢ QoS enhancements for TSPEC renegotiation and prioritized discarding of QoS MSDUs according to an
application-defined loss priority labeling.

¢ Mechanisms to manage coexistence of legacy and HT devices.
¢ Channel management and channel selection methods.

e Power saving mechanism to reduce power consumption by only enabling a single receive chain during
periods of inactivity.

5.3 General description of PHY enhancements

With the aim to increase the maximum PHY layer data rate, we have introduced two primary techniques that are
mandatory in our proposal:
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¢  Transmission of Multiple Spatial Streams via Multiple Transmit Antennas. Our recommendation is to make
2 spatial soeams mandatory, with the option to scale to 4 spatial streams.

o Extended Bandwidth signaling. 20MHz channelization shall be mandatory worldwide. Our
recommendation is to support 40MHz channelization as mandatory in regulatory domains that will permit
wider bandwidth operation

We have also introduced several secondary techniques for increasing throughput. These include:

o A reduced guard interval of 400ns (i.e. half-GI), channel dispersion permitting (e.g. TGn channel model B).
Support for half-GI is mandatory in 20MHz.

o Higher channel coding rate of 7/8. Support for 7/8 is mandatory in 20MHz.

o Support for 256-QAM is optional in our proposal.

Due to the susceptibility of a wireless link to multipath fading, especially in a MIMO channel, our proposal
introduces two optional techniques for improving the robustness of the link between the transmitter and the receiver,
with the aim to keep the client (station) configuration low-cost and low-power:

e Transmitter beamforming, with the understanding that Access Points will be able to support more than 2
antennas, while the client stations would be restricted to 2 antennas.

» Advanced channel coding. Our proposal includes LDPC as an option. LDPC codes exhibit a larger
minimum free distance compared to the existing 802.11a convolutional code, and hence are able to better
exploit the frequency and spatial diversity in the channel.

Our proposal support full backwards compatibility with existing 802.11a/b/g standards. Our preamble design

support PHY layer interoperability with the OFDM preamble from 802.11a/g, while providing a robust mechanism
for synchronization of the high throughput data.

6 Frame Formats

This clause specifies the format of new HT frames.

Reserved fields and subfields shall be transmitted as zeroes and shall be ignored by an HT receiver

6.1 Control frames

This section defines new control frame subtypes as listed below:

Control Frame Subtype Name

IAC Initiator aggregate control

RAC Responder aggregate control

MRAD Multiple receiver aggregate descriptor
ICB Increase channel bandwidth

DCB Decrease channel bandwidth
Calibration Training Calibration Training frame

6.1.1 Initiator Aggregation Control (IAC) MPDU

6.1.1.1 Introduction

This MPDU provides control of the MCS, size, duration, training and any reverse flow of aggregates in an exchange
of aggregates between STAs. It is sent by the initiator STA of an aggregate exchange.
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11  MIMO-OFDM HT PHY specification

11.1Overview

11.1.1 Introduction (Informative)

With the aim to increase the maximum PHY layer data rate, we have introduced two primary techniques that are
mandatory in our proposal:

e Transmission of Multiple Spatial Streams via Multiple Transmit Antennas. Our recommendation is to make
2 spatial streams mandatory, with the option to scale to 4 spatial streams.

¢ Extended Bandwidth signaling. 20MHz channelization shall be mandatory worldwide. Our
recommendation is to support 40MHz channelization as mandatory in regulatory domains that will permit
wider bandwidth operation

We have also introduced several secondary techniques for increasing throughput. These include:

e A reduced guard interval of 400ns (i.e. half-GI), channel dispersion permitting (e.g. TGn channel model B).
Support for half-GI is mandatory in 20MHz.

e Higher channel coding rate of 7/8. Support for 7/8 is mandatory in 20MHz.
e Support for 256-QAM is opticnal in our proposal.

Due to the susceptibility of a wireless link to multipath fading, especially in a MIMO channel, our proposal
introduces two optional techniques for improving the robustness of the link between the transmitter and the receiver,
with the aim to keep the client (station) configuration low-cost and low-power:

e  Transmitter beamforming, with the understanding that Access Points will be able to support more than 2
antennas, while the client stations would be restricted to 2 antennas.

e Advanced channel coding. Our proposal includes LDPC as an option. LDPC codes exhibit a larger
minimum free distance compared to the existing 802.11a convolutional code, and hence are able to better
exploit the frequency and spatial diversity in the channel.

11.1.1.1 Frequency Bands of Operation

Our proposal supports operation of devices in 2.4GHz, 5GHz, and 4.9GHz. Operation in 4.9GHz shall conform to
802.11j rules.

11.1.1.2 Options for throughput enhancement
The throughput calculation for 802.11a, at its highest data rate, can be factorized as:

20M time samples 48 freq tones 6 coded bits 3 info bits 64 freq tones

Data Rate = — -
second 64 freq tones freqtone 4 coded bits 80 times samples
N ~ J v _—.V_/ \ —— J
channel specing guard band overhead  constellation size cading rate guard interval overhead

=54 M info bits/second
Besides spatial multiplexing, there are four other options for increasing data rate: (a) increasing the channel
bandwidth, (b) increasing the constellation size, (c) increasing the coding rate, and (d) reducing the guard interval
(GI) overhead. These options are summarized in Table 20.

802.11a/g Our Proposal Requirement Throughput
Scaling Factor
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_ Channel BW = 20MHz . .
Channel BW = 20MHz Nurnber of data subcarriers = 48 Mandatory in device 1x
Channel BW = 40MHz . .
w;;::rieor;d:?s Number of data subcarriers = 108 Mandatory in device 2.25x
Channel BW larger than 40MHz Not supported in device
Number of Transmit Number of Transmit Antennas = 2 Mandatory in device 2x
Antennas = 1
Number of Transmit Antennas > 2 Optional in device (e.g. 3 and 3x or 4x
4)
Maximum Constellation | 84-QAM Mandatory in device 1x
Size = 64QAM
greater than 64QAM (i.e. 128 or 256 | 256 QAM is optional in device | 1.16x (128-QAM)
QAM)
1.33x (256-QAM)
Gl = 800ns Gl / Tsymbol = 800ns/3200ns Mandatory in device ix
Tsymbol = 3200ns Gi/ Tsymbol = 400ns/3200ns Mandatory in device 1.11x
GI/ Tsymbol = 800ns / 6400ns Not supported in device 1.11x
Gl/ Tsymboi = 400ns / 6400ns Not supported in device 1.176x
Coding Rate 172, 2/3, 3/4 Mandatory in device 1x
7/8 (advanced coding option) Mandatory in device 1.167x

Table 20: Options for Throughput Enhancement

Of the options presented in Table 20 for throughput enhancement, our proposal focuses upon using spatial
multiplexing (via multiple transmit antennas) and bandwidth expansion (from 20 MHz to 40 MHz) as the primary
means for increasing the physical layer data rates. This is because both spatial multiplexing and channel bandwidth
increase data rate by integer increments, whereas the rest of the techniques increase the data rate by fractional
increments.

The use of a shorter Guard Interval (GI=400ns) and 7/8-th rate coding is also mandatory for the data portion of the
PPDU. With 4 spatial streams in 40MHz, the maximum PHY data rate in our proposal corresponds to 630Mbps,
which is more than 10x the current data rate of 54Mbps. Note that the High Throughput (HT) preamble shall always
10 use the full GI, i.e. 800us.

\D OO IO\ A W) =

12 The basic mandatory configuration in our PHY proposal for throughput enhancement is 2 spatial streams (i.e. 2
13 transmit antennas) across a 20MHz channel bandwidth. The transmitter datapath is shown in Figure 45.

Frequency FFT
. 64 tones in 20MHz ‘
) Interleaver N Constellation »{ 52 populared tones > lns_cn Gl > RF
across 48 Mapper window BW ~ 17TMHz
48 data tones
data tones -
4 pilot tones
T8 8
S 3 3 =R
—» E3 > § ~MiE
545 5 g a
&
Frequency iFFT
. 64 tones in 20MHz l
> Interleaver > Constellation | 52 populated tones > ln;m Gl > RF
across 48 Mapper window BW ~ ITMHz
da 48 data tones
ta tones 4 pilot tones
15
16 Figure 45: Transmitter Datapath for 2-antenna MIMO in 20MHz

17 Our proposal also includes provisions for 40MHz signaling in regulatory domains that permit it. The transmitter
18 datapath for such a configuration is shown in Figure 46:
19
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iFFT
Fi
/ [roguency c 128 rones in 40MHz Insert Gl RF l
L —_—
across 108 [ 7| Mapper > 114 populated tones ¥ window BW - 36MHz
dota tanes ¢ ta tones
N 6 pilot tones
T8 8
3 5
— E E —» S [—» S ’5*
o4 3 @ &
Frequency e
. 128 tenes in 40MHz
Interleaver Canstellation Insert Gl RF
—> 2cross 108 — Magper = 114 populated tones — window —> BW ~ 36MHz
da 108 data tones
ta tones -
6 pilot tones

Figure 46: Transmitter datapath for 2-antenna MIMO in 40MHz"?

11.1.1.3 PPDU Format for the Basic (Mandatory) MIMO Transmission

The PPDU format for transmission using 2 antennas in a 20MHz channelization is shown in Figure 47:

8us 8us 4us 8us 2.4us 7.2us 7.2us
V . > e —p

N

ANT_1 g I L-STF L-LTF L-SIG HT-SIG | HT-STF HT-LTF HT-LTF HT-DATA
o~
VA

ANT 2 S I L-STF L-LTF L-SIG HT-SIG | HT-STF HT-LTF HT-LTF HT-DATA
- =]
o~

Figure 47: PPDU Format for 2x20 Mandatory Basic MIMO Transmission

In the 40MHz bandwidth, there are two 20MHz wide sub-channels. The upper sub-channel spans from 0 to +63, and
the lower sub-channel spans from -64 to -1, as shown in Figure 48. A 40MHz-HT device receiving a 20MHz-only
transmission shall indicate to the MAC which sub-channel is currently active.

Lower sub-channel
64 tones in 20MHz

A

Upper sub-channel
64 tones in 20MHz

A

' I

-

[Ty .
1 J

64 -63 A0+l +62 +63 | Indices at 40MHz
[T T T T i i >
131432

31 +30 +311 Indices at 20MHz

Figure 48: Upper and Lower sub-channel specification in 40MHz

The PPDU format from two transmit antennas, each 40MHz wide, is shown in Figure 49.

'2 40MHz operation by an HT device shall only be permitted in those regulatory domain that allow it.
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8us 8us 4us 8us 2.4us 7.2us 7.2us
< >4 - >4 - < D e R ey
Lower | v orp | LLTF | LSIG | HTsSIG
| Sub-channel . . - - HT-STF | HT-LTF HT-LTF | HT-DATA
ANT _1 g
N Upper | L-STF [ L-LTF L-8IG | HT-SIG | yT.STF | HT-LTF | HT-LTF | HT-DATA
Sub-channel | 90° rotated | 90° rotated | 90° rotated | 90° rotated
Lower | 4 ofF | L.LTF | L-SIG | HT-SIG
o+ | sub-channel - - - - HT-STF | HT-LTF | HT-LTF | HT-DATA
ANT_2 g
N Upper | L-STF L-LTF L-SIG | HT-SIG | gT.STF | HT-LTF | HT-LTF | HT-DATA
Sub-channel | 90° rotated | 90° rotated | 90° rotated | 90° rotated

Figure 49: PPDU Format for 2x40 Mandatory Basic MIMO Transmission™

The legacy part of the HT preamble (i.e. L-STF to L-SIG) and HT-SIG may either be transmitted from one antenna
or both antennas. If transmitted from both antennas, the mapping of this single spatial stream to two antennas has to
be such that beamforming in the far-field is mitigated. One method for achieving this is to use a cyclical delay
diversity (CDD) mapping. The optional part of the PPDU, corresponding to the CDD format, is shown in red color
in Figure 47 and Figure 49.

11.1.1.4 HT PCLP Preamble for Synchronization purposes and Legacy Interoperability
The functions performed by the preamble include:
1. Start-of-Packet (SoP) detection

2. AGC

3. Coarse Frequency Offset Estimation
4, Coarse Timing Offset Estimation

5. Fine Timing Offset Estimation

6. Fine Frequency Offset Estimation

7. Channel Estimation

The High Throughput (HT) preamble in our proposal is a concatenation of the legacy preamble (identical to
802.11a/g) and a HT-specific preamble, as shown in Figure 50:

8us 8us 4us
Legacy 20MHz )
PPDU L-STF L-LTF L-SIG L-DATA
8us 8us 4us 8us 2.4us 7.2us 7.2us
4P ————P — 4——— 44—
HT 2(}]’;/11])-15 L-STF L-LTF L-8IG HT-SIG HT-STF HT-LTF aene HT-LTF HT-DATA
~— N i
M '} Y
This part of the HT premable is This part of the HT premable is
identical to the Legacy preamble specific to HT reception
an auto-detect of the
HT PPDU is required
at this boundary

Figure 50: HT Preamble format

3 40MHz operation by an HT device shall only be permitted in those regulatory domain that allow it.
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Concatenation of the legacy preamble allows PHY layer interoperability with 802.11a and ERP-802.11g modems.

A HT receiver does not know apriori whether it is receiving a legacy PPDU or a HT PPDU. Hence, a HT receiver
has to perform an auto-detect after the legacy signal field (L-SIG) as to whether a HT-SIG is being received or
legacy data (L-DATA). Our preamble format includes two provisions for auto-detecting the HT-SIG: (a)
transmitting the HT-SIG as a BPSK signal on the quadrature axis instead of the in-phase axis, and (b) inverting the
pilot polarity in going from the L-SIG to the HT-SIG.

The legacy part of the HT preamble allows a legacy receiver to properly decode the L-SIG. A HT receiver shall also
perform functions 1 through 7 (SoP to Channel Estimation) to successfully decode the HT-SIG. It is anticipated that
functions 1 through 4 (and perhaps function 5) are performed by the legacy short training field (L-STF), and
functions 5 through 7 are performed by the legacy long training field (L-LTF).

Since a HT device (in our proposal) shall support multiple transmit antennas, the legacy part of the preamble can
either be transmitted from one antenna or from multiple antennas. If more than one antenna is used for transmission,
it is recommended that the signal be shifted in a cyclical fashion across the transmit antenna array. This technique
introduces cyclical delay diversity (CDD), and it tends to reduce the “effective” length of the guard interval, as seen
by a legacy device. Hence, the total shift across the transmit antenna array should be limited to 50ns.

In the 40MHz mode, the L-STF in the lower sub-channe! is identical to legacy, whereas the L-STF in the upper sub-
channel is a 90 degree phase rotation of the legacy STF. This rotation is performed to keep the PAPR of the STF low
(see Figure 48 and Figure 49)

Since a legacy OFDM RX is not expected to “understand” any transmission after the L-SIG, the RATE and
LENGTH fields in the L-SIG are “spoofed” such that a legacy OFDM RX can defer for the correct period of time.

The HT-SIG contains information needed to correctly de-map and decode the HT data field (i.e. the MIMO-OFDM
symbols). It also contains fields for supporting advanced techniques that are described next.

Since the L-STF does not provide a sufficiently accurate power measurement for MIMO AGC purposes, a HT-STF
has been introduced after the HT-SIG. The HT-STF is tone-interleaved symbol across the transmit antenna array.
The HT short training symbol uses 24 tones (L-STF uses 12 tones in a 20 MHz channel). The choice of 24 tones
permits accurate AGC measurements across 4 transmit antennas. In the 40 MHz channel, 48 tones are used in the
HT-STF. The 24 (48) tones are interleaved across the antennas, i.e., 6 (12) tones are used per antenna if there are 4
transmitter antennas, and likewise 12 (24) are used per antenna if there are 2 transmitter antennas. The length of the
HT-STS is 1.6ps. Since, the purpose of HT-STF is purely for AGC purposes, only one STS is needed. Together with
the 0.8us guard interval, the total length of the HT-STF is 2.4us. The GI of the HT-STF, i.e. the first 0.8us, would
contain echoes from the previous symbol. Hence, a clean measurement of power is made in the 1.6us portion of the
HT-STF. It is anticipated that the RF transient settling after the AGC switch would occur in the GI of the HT-LTF
that follows the HT-STF.

After the AGC has been “fine-tuned” for HT reception, channel estimation and fine frequency offset estimation are
performed using the HT Long Training Symbols. The number of HT-LTFs is equal to the number of antennas in the
basic MIMO mode. For example, with two transmit antennas, two HT-LTF's are sent. The HT-LTF is also tone
interleaved to minimize the power fluctuation with respect to the AGC setting (obtained via the HT-STF).
Therefore, one HT-LTF would cover half of the tones in the two antenna case. Remaining tones are covered in the
second HT-LTF. The HT-LTF consists of two Long Training Symbols (LTS) as in 802.11a/g and a regular guard
interval of 0.8 us. The total length of one HT-LTF is 7.2us.

11.1.1.5 Duplicate 6Mbps mode

The lowest data rate in the 40MHz mode would be 13.5Mbps (= 6Mbps x 2.25), if independent information bits are
mapped to the upper and lower sub-channels. A 6Mbps mode in 40MHz is obtained by duplicating the data from the
lower sub-channel to the upper sub-channel. For the 6Mbps mode in 40MHz, the MPDU is encoded, punctured,
interleaved, and constellation-mapped as a 6Mbps transmission in 20MHz. The duplication is performed just prior to
the iFFT sub-carrier mapping, as shown in Figure 51.
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Figure 51: Transmitter configuration for 6Mbps in 40MHz"*

Since the 6Mbps duplicate mode comprises of 1 spatial stream, only 1 HT-LTF is needed. Also note that there is no
tone-fill past the HT-SIG, unlike the regular 40MHz PPDU format show in Figure 49. The PPDU format for the
6Mbps duplicate mode is shown in Figure 52:

8us 8us 4us 8us 2.4us 7.2us
3 — e e . . < ,
z Lower
Z | subchamet | VSTF | LLTF | LSIG | HTSIG | yrgre | wrurr 6Mbps DATA

-

X
Same 6Mbps DATA

L-SIG HT-SIG HT-STF HT-LTF
{90° rotated)|(90° rotated)

Sub-channel {(90° rotated){(90° rotated)

I Upper [ L-STF L-LTF
(

20MHz

Figure 52: PPDU format for 6Mbps duplicate mode

Pilot locations in the duplicate mode follow the pilot locations in the 20MHz mode. The duplicate 6Mbps mode (in
40MHz) is signaled as mode 32 in the MCS set (see Table 26).

11.1.1.6 Support for Advanced Techniques

All advanced techniques are optional in our proposal.

[n our basic mandatory 20/40MHz MIMO mode, the number of data streams created by the spatial parser in Figure
45 is the same as the number of transmit antennas. And, in this basic configuration, each spatial stream is mapped to
exactly one transmit antenna.

If Channel State Information (CSI) is available at the transmitter, we can perform spatial “shaping” using a steering
matrix for each sub-carrier, as shown in Figure 53. In SVD style MIMO, the steering matrix is obtained via singular
value decomposition (SVD) of the physical channel transfer function matrix, A. In SVD-MIMO, each spatial stream
is “transmitted” on a “singular vector” obtained from the SVD of H. We can further perform spatial water-filling by
selecting an optimum power level, modulation level, and coding rate for each spatial stream.

Our proposal introduces two classes of transmit beamforming: basic beamforming with MIMO (BF-MIMO), and
advanced beamforming with MIMO (ABF-MIMO). In basic transmit beamforming, only spatial steering is
performed. Support for basic beamforming is mandatory in a receiver since there is minimal implemenation
overhead. In advanced beamforming, each spatial stream may have a unique MCS and a unique power level. We
also support bi-directional beamforming in the ABF-MIMO mode.

** 40MHz operation by an HT device shall only be permitted in those regulatory domain that allow it.
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Figure §3: Transmitter Datapath with option to perform spatial shaping

We have also introduced an advanced coding option, i.e. LDPC coding. The use of LDPC coding is signaled in the

HT-SIG.

11.1.1.7 Feedback Mechanisms

Our proposal consists of several feedback mechanisms, supported at the MAC layer, as shown in Table 21.

Nature of | Device .
Feedback | Requirement Type of Feedback Description
¢ This only provides information to the TX whether its choice of the
modulation-coding mode was supported by the channel.
'mpzfgf . Mandatory in | Binary Response
Feedbacl i . . . . .
Zeedback | device packet » Does not provide any inforation to help perform spatial shaping
« Used when transmitting to legacy devices
Imolicit Binary Response » Allows the Initiator to estimate the physical channel in the reverse link. If
Feg. dback Optional packet sent as a reciprocity can be assumed, and if the number of TX and RX antennas
sounding packet are identical at the recipient, the TX can use the derived CSI to perform
spatial shaping (e.g. in the style of ABF-MIMO)
N RR (Rate o The response packet contains a rate recommendation to the TX
Explicit Mandatory Recommendation)
Feedback R Ket
esponse pac « Since spatial shaping at the initiator is not desired, HT-LTFs are not
appended
» The response packet contains a rate recommendation to the TX
Exolicit RR Response + Response packet does not contain forward link Channel State Information
F e: dback Mandatory packet sent as a {CSIT)
sounding packet
» However, the sounding packet allows reverse link channel estimation.
And, assuming reciprocity and equal number of TX RX antennas at the
recipient, the initiator can perform spatial shaping.

Table 21: Feedback Mechanisms

11.1.1.8 Comparison among MIMO transmission modes

Our proposal supports three classes of MIMO Transmissions Modes, as outlined in Table 22:

MIMO Modes Characteristic Extent of TX adaptation

Basic-MIMO

(Mandatory) s  Typically, Ngs = Nrx ¢ No adaptation is performed in the
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spatial domain
¢ Each spatial stream is mapped to one

antenna ¢« MCS selection {adaptation) is based
upon either: (1) binary feedback (i.e.

ACK/noACK), or (2) recommendation
from the RX, or (3) availability of CSI
at the TX

e All spatial streams shall use the
same MCS and transmit at same
power

o  Typically, Ns3s < Nix
« CSlis required at the TX

* All spatial streams are spatially

Basic-MIMO with shaped via a steering matrix . Soundin_g pacl.(et fI'OI'I:I the recipjent

TX Beamforming to the initiator is required to estimate
the CSI at the transmitter

(Optional) ¢ The steering matrix is defined for each
tone in the OFDM modulation
« RF calibration is required since
reciprocity is used to perform TX
s All spatial streams have identical MCS beamforming
and power levels
. Typically, Nss < Nvx
¢  All spatial streams are spatially
shaped via a steering matrix
« CSlis required at the TX
*  The steering matrix is defined for each
Advanced MIMO tone in the OFDM modulation « Sounding packet from the recipient
with TX to the initiator is required to estimate
Beamforming o Power levels for each spatial stream the CSl at the transmitter
(Optionai) do not have to be identical

s RF calibration is required since
reciprocity is used to perform TX

¢ MCS for each spatial stream does not A
beamforming

have to be identical

¢ Bi-Directional Advanced Beamforming
MIMO is supported via UD
decomposition

O 00~ BN

._.
o

Table 22: MIMO Transmission options

11.1.1.9 “Modulation-Coding Scheme” (MCS) set for basic MIMO mode

Our proposal augments the 802.11a MCS set through the use of multiple spatial streams and bandwidth extension.
The complete set is shown in Table 26. Our proposal recommends a mandatory data of 243Mbps using two spatial
streams in regulatory domains that permit 40MHz operation. And, with an eye towards the future, our proposal
supports scalability to 4 spatial streams, offering data rates in excess of 600Mbps.

11.1.2 Timing related parameters

Parameter Value for 20 MHz Channel | Value for 40 MHz Channel
N, : Number of data subcarriers 48 108

Ngp : Number of pilot subcarriers 4 6
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Ngy : Number of center null subcarriers 1 (tone = 0) 3 (tones =-1,0,+1)
Ngp : Subcarrier range 26 58
(index range) (-26 ... +26) (-38 ... +58)
A : Subcarrier frequency spacing 0.3125 MHz 0.3125 MHz
(=20 MHz/ 64) (=40 MHz / 128)
Tier o IFFT/FFT period 3.2 psec 3.2 psec
Tz, + Gl duration 0.8usec 0.8usec
Tsoncy © Short GI duration 0.4psec 0.4psec
T : Legacy LongTraining symbol GI 1.6pusec 1.6psec
duration
Tsypy : Symbol interval dusec 4usec
T, onG - Long training field duration 8usec 8usec
Tyr-1ong ‘HT Long training field duration 7.2psec 7.2psec
Toorr - Short training field duration 8usec 8usec
Tyr_suorr © HT Short training field duration 2.4psec 2.4psec
T : Nyquist sampling interval 50nsec 25nsec
1 Table 23: Timing Related Parameters

2 11.1.3 Mathematical conventions in signal descriptions

3 The transmitted signals will be described using the complex baseband signal notation. The transmitted signal at RF,
Fo(£), is related to the complex baseband signal by the following relationship:

=y

ree(t) = Re{ r(t)exp(j27rfct)} (1)
where
Re{ . } represents the real part of a complex variable;

§A denotes the center frequency of the carrier.

The transmitted baseband signal consists of several subframes. The timing boundaries for the various subframes are
shown in Figure 54:

— OO & N Oy

——

TSHORT TLONG THT SHORT THT LONG

L-PREAMBLE L-SIG HT-SIG HT-TRAINING HT DATA

! ! I !

tLSIG tHTSIG tHT TRAINING tHT DATA

o —>

12
13 Figure 54: Timing boundaries for subframes in a HT transmission

14  The signal transmitted on antenna I, is given by:
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* Tur tRAINING (-t HT TRAINING)
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(fre)
+ 757 para (¢ ~ 17 para)
The subframes of (2) are described in 11.2.1.3.1, 11.2.1.3.2,11.2.1.4.1, 11.2.1.4.2 and 11.2.1.5. The time offsets
Lsunrrame determines the starting time of the corresponding subframe. Per convention, it is assumed that the signal

@

in equation (2) is causal; i.e. signal value is zero when its argument is zero.

All subframes of the signal are constructed using an inverse Fourier transform:

N

’é{l}’é;mm(t) = Weuprravs () Z C, exp(j27zkAFt)

=-Ng

The PHY related parameters are listed in Table 23.

11.2PLCP sublayer

11.2.1 Basic MIMO Mode

@)

As described in Table 22, the basic MIMO mode does not involve any spatial steering. The basic MIMO mode can

operate in both 20MHz and 40MHz channel bandwidths

11.2.1.1 Basic MIMO PPDU format

The HT Physical layer defines a PPDU format that provides interoperability and coexistence with 802.11a stations
and with ERP-OFDM stations of 802.11g at the link level without protection mechanisms. Figure 35 shows the

PPDU format for the basic MIMO mode:

LENGTH| MCS | Advanced | Seunding | Number | Short GI | Aggregaton | Scrambler| SVD | cac | Tail
I8bis | Gbits | cocing | pecka | TXAm | 1bs 160 i | e | Nbe | Sbis
2%t | Vb | 2bus 2bis
LegseyPLCPHear e
RATE| Resve | LENGTH | Paty| Tad | e rsDU Tal | Pad
avis| Iba | Dabis | Kb |ebws| e bits | Bis
------------- Coded OFDM Coded OFOM Coded MIMO-OFDM
----- BPSK.r= 172 BPSK, = U1 . Usmng RATEX indicatod in SIGNALX
20M3z or DATAXI
LTF S1o HT-SIG WISTF | HTLTF HT.LTF ] TrAnt|
OMH:z t‘ Lse I b L I Yus Teus [ Bl I I s Vasisble Number of OFDM Symbols
y y DATAXE TrAnL2
T ‘ el [-- 1 HYLTE Veriabls Number of OFDM Symbols }
|
HT.STF HT.LTF HT.LTF DATAXN TXARLN
24us [ EP ' ' Trus Veriable Number of OFDM Symbols N

Figure 55: PPDU Format for Nrx antennas

L-STF is the Legacy Short Training Field. Details of the L-STF symbols can be found in clause 11.2.1.3.1. The HT-
STF is specific for HT. Details can be found in 11.2.1.3.3

L-LTF stands for Legacy Long Training Field. Details of the L-LTF symbols can be found in clause 11.2.1.3.2. The
HT-LTFs are specific for HT and the details can be found in clause 11.2.1.3.4

L-SIG is based on the Legacy SIGNAL field as defined in clause 17.3.4 in {1]. The modulation and coding
procedure also follows the steps of 17.3.4 in [1]. The RATE and LENGTH fields in L-SIG are defined in accordance

with “spoofing” procedures described in 11.2.1.4.1.

The HT-SIG field is the signal field dedicated to the HT mode. The structure of this field is the same as the L-SIG.
Since our proposal supports interoperability between HT devices and legacy OFDM devices at the PHY layer, a HT
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receiver will not a-priori know whether a legacy packet is being received or a HT packet. That determination can
only be made after the L-SIG. Our proposal supports two mechanisms for signaling a HT transmission: (a) send the
HT-SIG as a BPSK signal on the quadrature axis, instead of on the in-phase axis, and (b} invert the polarity of the
pilots in the HT-SIG with respect to the pilots in the L-SIG. These two mechanism allow an auto-detect of a HT
transmission. Note that the pilots in the HT-SIG are not transmitted on the Quadrature axis. The definition of the
contents of HT-SIG is specified in 11.2.1.4.2.

The L-STF, L-LTF, L-SIG, and HT-SIG should be transmitted from the antenna array such that an omni-directional
beam pattern is created in the far field. This reduces the probability of creating hidden nodes in the BSS. One way to
create an omni-beam is to transmit these fields from strictly one antenna. However, if the transmitter is power-
amplifier limited, array gain can be derived by transmitting on multiple antennas. Since transmitting the same signal
from multiple antennas invariably creates beamforming, one way to mitigate beamforming is to phase shift (i.e. time
delay) the signal across the transmit antenna array. For an OFDM symbol, the delay can be introduced cyclically.
Since delaying the same signal introduces frequency selectivity at the receiver, such a transmission is commonly
referred to as “cyclical delay diversity” or CDD. This transmission format is shown in Figure 56:

MCS | Advancot | Sounding | Number | Shanar cre | Tal

LENGTH ’ Atgregaten | Sermmbles | svD
1Bbite | 6beta coding packet TX At 1 bit (13 init

| st | 6bas
b 1ok | 2bas AL
Ly PLCPHaGer 0 e
RATE| Rewmve | LENGTH [ Party | Tad | e FSDL Tal | Pud
4ty 16 12 s 1t ; stwm| e 6 bty Bits
______________ Caded OFDM Coded OFDM Coded MIMO-OFDM
""" BPSK,r= 112 BPSK. r= 12 Usmng RATE.X indicated in SIGNAL.X
20MHz or DATA.XI
LSTF LLTF L-Sio HTSIG HT-STF HTLTF HT-LTF TrAnt.1
Mz tl Tos I el A . Taus I 22 I... 720 Veriable Number of OFDM Symbols
LSTF LLTP LSl HT-SIG HT-STF HT-LTF HT-LT? . DATA.X2 TxAnt2
! Bus ‘ Bus l ™ I Bur Laus | 72us I"' | 13w Varisble Number of OFDM Symbols
i
LSTF | v | Lse HT-51G HT-STF HT-LTF HT-LTF DATAXN TxAntN,
B S 4w Sus Taus 22w ™| 72w Verizbic Number of OFDM Symtols

Shaded (leids canmmetsd a3 CDD (optionat)

Figure 56: PPDU format leveraging CDD transmission

11.2.1.2 Legacy Protection

All MIMO transmissions (whether basic or advanced) are protected against legacy OFDM devices at the physical
layer, and protected against legacy CCK/DSSS devices at the MAC layer.

The legacy short training field, the legacy long training field and the legacy signal field are transmitted such that a
legacy OFDM receiver (802.11g or 802.11a) is able to “understand” these fields. In the basic MIMO mode, the
transmitter selects the Modulation Coding Scheme either based on conventional rate selection heuristics or via
implicit or explicit feedback. This, the RATE and LENGTH fields in the legacy signal field can be “spoofed” to
allow the legacy OFDM receivers to correctly set their NAV.

RTS/CTS or CTS-to-self mechanism may be used to protect against legacy CCK/DSSS devices in an 802.11n BSS.

11.2.1.3 Training symbols specification

The training fields are used for synchronization purposes. As shown in Figure 55 and Figure 56, at the start of a
packet, a legacy short training field is transmitted . The legacy short training field (L-STF) contains ten identical
short training symbols. The legacy short training field may be wansmitted from a single antenna, or from multiple
antennas using CDD (refer to the next section).The legacy long training field follows the legacy short training field.
Mapping of the legacy long training field (L-LTF), the L-SIG and the HT-SIG to the antenna array shall be identical
to that of the legacy short training field (L-STF). After the HT-SIG, a HT-STF is transmitted across all the antennas
to “fine tune” the AGC for MIMO reception. The HT-LTFs subsequently follow the HT-STF. The number of HT
LTFs is equal to the number of spatial streams (which equals the number of transmit antennas in the basic MIMO
mode). Data transmission follows the HT-LTFs.

11.2.1.3.1  Legacy Short Training Field
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The legacy short training symbol in our proposal is identical to the 802.11a short training symbol. The legacy short
training OFDM symbol in the 20MHz mode is:

S_26_26 = \'13/6{0)0:1-*'jyoioxoy—l_jlo:0!0’1+j;0s0501_1_jaoyoyoa—l_j:090)0)1+j)0)030’
0,0,0,0,-1- 4,0,0,0,-1-4,0,0,0,1+ /,0,0,0,1+ /,0,0,0,1+ /,0,0,0,1+ /,0,0} .

The normalization factor accounts for the fact that 12 tones out of 52 are used in the STF, and also because QPSK is
used as the constellation on the 12 tones.
The legacy short training OFDM symbol in 40MHz mode is:

(4)

S_sg.53 = V13/6{0,0,1+ /,0,0,0,-1- ,0,0,0,1+ /,0,0,0,~1- j,0,0,0,-1~ ;,0,0,0,1+ ,0,0,0,
0,0,0,0,-1-4,0,0,0,-1-,0,0,0,1+ 4,0,0,0,1+ 4,0,0,0,1+ 4,0,0,0,1+ /,0,0,0,0,0,
0,0,0,0,0,0,0,0,0,0, -1,0,0,0,—j +1,0,0,0, ;-1,0,0,0,- +1,0,0,0,-; +1,0,0,0, j -1,
0,0,0,0,0,0,0,—/'+1,0,0,0,-—j+1,0,0,0,j—1,0,0,0,}'—l,0,0,0,j—l,0,0,0,j—l,0,0}

The tones in the upper subchannel (see Figure 48) are obtained by phase rotating the 802.11a short OFDM training

symbol tones by 90 degrees, whereas the tones in the lower subchannel are identical to the 802.11a short training
OFDM symbol tones. The 90° rotation helps keep the PAPR of the STF in 40MHz comparable to that in 20MHz. A

scaling factor of +/13/6 ensures that the legacy short training symbols have the same power as the L-LTF, L-SIG,
and HT-SIG fields, all of which have 104 tones in 40MHz. There are 24 tones in the L-STF (with QPSK
constellation) in 40MHz.

®

Let N, be the total number of transmit antennas. We normalize the transmit power across Ny, transmit antennas
tobe Ny, .
The short training symbols can be mapped to the transmit antenna array in several ways. L-STF should be

transmitted omni-directionally to avoid beamforming, else hidden nodes can be potentially created in the BSS. One
simple way is to transmit the L-STF on just one antenna. The L-STF is then described as follows:

Nsr
o) (| s () 3 Siow(jekan) =1 .
0 otherwise

Since the legacy short training field (L-STF) constitutes a single spatial stream, it is also possible to map L-STF to
multiple transmit antennas. This may be particularly useful if the transmit power is limited by the power amplifier
characteristics. However, mapping | spatial stream to multiple transmit antennas would invariably result in
beamforming, which can be mitigated by introducing a linear phase shift across the transmit antenna array. In the
case of OFDM, the delay is introduced cyclically, and is commonly knows as Cyclical Delay Diversity (CDD).

When the STF is transmitted in a CDD fashion, the short training signal at the i, th transmit antenna is generated
according to the following rule:

i Nsp . .
S () = wrgnorr (1) % Sk eXP{Jzﬂ'kAF (’“(’Tx =1)Tp )} (7)
==Nsr
The short training signal is repeated every 0.8us. The entire short training field includes ten such periods, with a
total duration of 8us. The short training field at the iy th transmit antenna is cyclically shifted by (iry —1) Tz »
where Ty, is defined such that (N - 1) T2 =50ns for both 20MHz and 40MHz. For example, with 4

transmit antennas, T, =16.67ns

11.2.1.3.2  Legacy Long Training Field

The legacy long training OFDM symbol is identical to the 802.11a long training OFDM symbol. In the 20MHz
mode, the long training OFDM symbol is given by
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L y626 ={L,1,-,-11,1,-1,1,~-11,1,L,1,1,1,-1,-1,1,1,-1,1,-1,1,1,1,1,0,
L,-1,-L1,1,-1,1,-1,,-1,-1,-1,-}, -1, 1,},-1,-1,1,-1,1,-1,1,1,1,1}
Similar to the L-STF, the legacy long training field (L-LTF) can be mapped to either a single antenna, or to muitiple
antennas via CDD. However, to guarantee AGC accuracy, the antenna mapping for the L-LTF should be identical to

that of the L-STF. If only one antenna is used to transmit the legacy long training field, then the long training signal
is given by:

@)

¥ . Nsp P (.2 " . -
A (= oo O, B neol72mksr (-Ton) - ®

0 otherwise

where T, =1.6us.

[f the long training signal is generated in a CDD fashion, we get:

Nep
Towe (1) = Wrrong () Z L exp{j2ﬂkAF (t —(izy =1)Tgp —Tm)} (10

k==Ngp
There are two legacy long training symbols in the legacy long training field. This is to ensure channel estimation
accuracy, and also to permit fine frequency offset estimation. The total duration of the long training field (L-LTF) is
Trong =1.6+2x32=8us.
The legacy long training OFDM signal in the 40MHz mode is given by:

Losyss = {LL-L-LL1,-11L, 111,11~ ~111,~L1,~LL1L1L0,
1,-1,-1,11,-11,-1,1,-1,-1,-1,-1,-1,1,1,-1,-1,1,-1,1,-1,1,1,1,1,0,0,0,0,0,0

(1)

j!—j:—jsj:j)'j)jr—jij!_j!_j,_j’_jl_j7j!js—j!_jijs—j:j!—j7jrjsj}
Tones in the upper subchannel (subcarriers +6 to +58) are obtained by phase rotating the §02.11a long OFDM
training symbol tones by 90 degrees, whereas the tones within the lower subchannel (subcarriers -58 to -6) are

identical to the 802.11a long OFDM training symbol tones.
It should be noted that neither the legacy fields (L-STF, L-LTF, LSIG) nor the HT-SIG undergo any phase rotation

in the lower subchannel.

The subcarriers at +32 in 40MHz, which are the DC subcarriers for the legacy 20MHz transmission, are both nulled
in the L-LTF. Such an arrangement allows proper synchronization of the 20MHz legacy device.

The legacy long training field together with the short training field constitutes the legacy PLCP preamble. The
legacy device can perform the necessary synchronization to decode the legacy signal field. Hence, we can write

TpREAMBLE (’) in(2)as

’1(’%A)1«43LE (1)= "é%R)T (6)+ "L(gﬁc) (¢ Tstorr) (12)

11.2.1.3.3 HT-Short Training Field

The HT-STF follows the HT signal field (see Figure 55), whose only purpose it to “fine tune” the AGC for HT
MIMO reception. Note that the first AGC operation is performed on the L-STF. The HT short training symbol in the
20MHz mode is
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{0,0, 14,0, -14, 0, 14], 0, -1+, 0, -1, 0, -1-j, 0, 1+j, 0, 14j, 0, 1+, 0, 1+, 0, -1+, 0, -1-j, 0,
0,0,14j,0,-1-,0,-14, 0, 14,0, -1+, 0, -1+, 0, -1+, 0, -1, 0, 145, 0, -1-j, 0, -1-j, 0, 1+j, 0, 0} Ny, =1 (1 3)
{0,0,-14,0,1+j,0, 14}, 0, 14}, 0, 14}, 0, 14}, 0, <14}, 0, -1+, 0, 14§, 0, -1, 0, -1, 0, 1+, 0,

=2
0,0, 1%}, 0,14, 0, -1, 0, 1], 0, -1+}, 0, -1+, 0, -1}, 0, -1+, 0, 14}, 0, 14}, 0, 14,0, -14,0,}

HTS = V13712

{0,0,-15, 0,14, 0, 14j, 0, 14j, 0, 1+j, 0, 14j, 0, 1+j, 0, 14§, 0, 14}, 0, -1-j, 0, -1+, 0, -1+j, 0,
0,0.-14,0,-14, 0, -14, 0, 14, 0, 1+, 0, 14}, 0, 1}, 0, 14}, 0, 1+), 0, 14}, 0, 14}, 0, -1+, 0,0} N, =3

{0,0, -1+, 0, -1, 0, 14}, 0, 1+j, 0, -1-}, 0, -1+, 0, 14}, 0, 14}, 0, -1+, 0, -1}, 0, -1}, 0, =15}, 0,

N =4
0,0,-14,0, -1+, 0, -1+j, 0, -1, 0, 14}, 0, 1+, 0, 14}, 0, -1}, 0, 1+, 0, 14}, 0, -1, 0, -1-j, 0, 0} T'

Unlike the legacy short training symbol which uses 12 tones, the HT-Short training Symbol uses 24 tones in 20MHz
which are tone-interleaved across the transmit antennas. For example, with NTX =4 each antenna would transmit

6 tones, which provide sufficient accuracy for estimating the received power from one transmit-antenna to one
receive-antenna.

The HT short training symbol in the 40 MHz mode consists of 48 tones, and is given by:

{0, 0, 14}, 0, -1-§, 0, 1+j, 0, 1+j, 0, -1}, 0, 14}, 0, 14§, 0, -1+, 0, -1+, 0, -1-j, 0, -1-j, 0, 1+, O,

0,0, 14}, 0,14}, 0, -1}, 0, -1+, 0, 14, 0, -1}, 0, -1}, 0, 14}, 0, 14}, 0, 1+§, 0, -14, 0, -1-}, 0, 0,0, 0, 0,0, 0,
0,0,0,0,0,0,0,0,-1-j,0,-1-, 0, 14}, 0, -1+, 0, -14, 0, 1-j, 0, 1%}, 0, -1+, 0, -1+j, 0, 1+], 0, -1}, 0, 14}, 0, N, =1
0,0,-1+j,0,-1-4, 0, -1+, 0, -1+j, 0, -1+j, 0, -1-}, 0, 1+, 0, -1+, 0, 1+}, 0, 14}, 0, 1+j, 0, 1+j, 0, 0}

{0,0,-1-4,0,-144, 0, 14}, 0, -1}, 0, -1, 0, -1+j, 0, -1}, 0, 14}, 0, 14}, 0, 1+j, 0, 14}, 0, 14}, 0,

0,0, 14}, 0, -1, 0, 14}, 0, -1-j, 0, -1, 0, 14}, 0, 14}, 0, -1}, 0, -1, 0, -1}, 0, 14}, 0, -1-}, 0,0, 0,9, 0, 0, 0, N =2
0,0,0,0,0,0,0,0, -1, 0, 1+}, 0, -1}, 0, -1, 0, -1+, 0, 14}, 0, 14§, 0, -1}, 0, -11j, 0, 14, 0, -1}, 0, 14,0, "™
0,0, 14,0, 145, 0, 14}, 0, 14}, 0, -1, 0, -1}, 0, -1}, 0, -1}, 0, -1}, 0, 14}, 0, -1, 0, -1-}, 0, 0

HTS. 1y = V5778 5,0, 143, 0, 145, 0, 14,0, 14§, 0, -14}, 0, -1+}, 0, -1+}, 0, -1}, 0, 1+}, 0, -1}, 0, -1-}, 0, 0}

{0,0,-14,0,-14, 0, -1-j,0, 1+, 0, 14}, 0, -1, 0, -1-}, 0, -1}, 0, -1}, 0, -1-j, 0, -1, 0, 14}, 0,

0,0, -1j, 0, -1-j, 0, -1}, 0, 14}, 0, 14, 0, -1-}, 0, 1}, 0, 1+j, 0, 14§, 0, 1+, 0, 14}, 0, -1}, 0, 0,0, 0,0, 0, 0,
0,0,0,0,0,0,0,0,-1-,0, -1, 0, 1+j, 0, 14}, 0, 1+j, 0, 14j, 0, -1-j, 0, -1-j, 0, 14}, 0, -1-j, 0, -1-}, 0, -14,0, Ny, =3
0,0, 14,0, 14, 0, -1+, 0, -1, 0, -1+, 0, -1}, 0, -1}, 0, -1+j, 0, 14, 0, -1}, 0, -1, 0, -1, 0, 0O} a14)
{0,0,-14,0, -1-j, 0, 14}, 0, 14§, 0, 1+j, 0, 1+, 0, -1+, 0, -1-j, 0, 1+j, 0, 1+j, 0, -1-j, 0, -1}, 0,

0,0, -1-j, 0, -1-j, 0, 1+j, 0, 1+j, 0, 1+j, 0, 1+, 0, 14}, 0, 1+}, 0, -1-j, 0, -1-j, 0, 1+}, 0, 14}, 0,0, 0,0,0, 0, 0,
0,0,0,0,0,0,0,0, 14,0, 14,0, -1+, 0, -1-}, 0, 14§, 0, 14}, 0, 14§, 0, 14}, 0, 14}, 0, 14, 0, -1-j, 0, -1+, O, =

0,0, -1-), 0, -1+j, 0, 14}, 0, 1+], 0, =14, 0, -1}, 0, 14}, 0, 1+}, 0, 14}, 0, 14}, 0, -1}, 0, -1}, 0, 0}

In the duplicate 6Mbps mode in 40MHz, the HT-STF shown in (14) is used, except for a scaling factor change. The

scaling factor for the 6Mbps duplicate mode is /13/12 .

The HT short training signal is then generated by the following rule.

11

Nex
’A(Zil)osnom (1) = wnavosrorr OV Nrx Z Z MS; paage, -iyem EXPLUT2T (2N b + 200, =)+ m)AL (1 =T} (15
0

m k=

where T, = 0.8 5 . The elements of m are me {—24, 2} for 20MHz and m e {—54, =30, 8,34} for 40MHz,

respectively. The HT short training signal has a period of 1.6ps ~ corresponding to 24 tones in 20MHz, and 48 tones
in 40MHz - which is deemed sufficient for power measurement purposes. Since the HT-STF is tone-interleaved at

the transmitter, the power periodicity of the HT-STF is also 1.6us .
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11.2.1.3.4 HT-Long Training Field

The HT long training fields are transmitted after the HT-STF. The number of HT long training fields is equal to the
number of spatial streams. In the basic MIMO mode, the number of spatial streams is equal to the number of
transmit antennas.

To minimize the power fluctuation between the HT-LTF and the AGC setting (which is derived from the HT-STF),
the HT long training symbols are also tone-interleaved across the transmit antenna array. Since each antenna only
transmits a sub-set of the tones, the HT long training sequences have been optimized to achieve the lowest peak-to-
average power ratio (PAPR). There are a total of 9 sequences:

Table 24: List of HT Long Training Fields

Sequence Nrx BW Comment

Number

1 1 20MHz Same as 802.11a

2 2 20MHz 52 tones

3 3 20MHz 52 tones

4 4 20MHz 52 tones

5 1 40MHz Duplicate format,
6Mbps in 40MHz (104
Tones)

6 1 40MHz 114 tones

7 2 40MHz 114 tones

8 3 40MHz 114 tones

9 4 40MHz 114 tones

In 20MHz, for NTX =1, sequence 1 is identical to the 802.11a LT sequence, as shown in (8). [n 20MHz, for

Npy =2, sequence 2 is:

HTL ) 0 =1{-1,1,-1, 1,1, 1,-1,-1,-1,-1, 1,1, 1, 1,-1, 1,-1,1,-1,-1, 1, 1, 1, -1, , 1,

(16)
o-1,1,1,-1,-1,1,-1,-1, 1,-1,-1, 1,-1, -1, 1, 1, 1, },-1, 1, 1, 1, 1, 1, 1, 1}
The tone-interleaving rule across the two antennas in 20MHz is grouped into 2 sets:
set _1=[-26:2:-2],{+2:2:+26]
(7
set _2=[-25:2:-1],[+1:2:425]
where the notation in the brackets should be read as [starting index : step value : ending index].
In 20MHz, for N, =3, sequence 3 is:
HTL 06 ={-1-111111-1-1-11-1-1-1-1-11111111-1-11 (18)
01-1-1-1t-t1-t1-111-11-1-111 -111-11-1-11
The tone-interleaving rule across three antennas in 20MHz is grouped into 3 sets:
set _1=[-26:3:-2],[2:3:26]
set _2=[-25:3:-1},[3:3:24] (19)
set_3=[-24:3:-3],[1:3:25]
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In 20MHz, for Ny, = 4, sequence 4 is:

HTL ={11111-1-1-11-1111-111-11-1-1-1111-11

26,426 (20)
otrr-11-t-1t-1-1r-1-11-1-1-11111-111-1111}
The tone-interleaving rule across four antennas in 20MHz is grouped into 4 sets:
set_1=[-26:4:-2],[3:4:23]
set 2=[-25:4:-1],[4:4:24]
(21)

set 3=[-24:4:-4],[1:4:25]

set_4=[-23:4:-3],[2:4:26]
In the 40MHz mode, the subcarriers at =32 are populated in the HT long training OFDM symbol. In 40MHz, for
N. = 1, sequence 5 is identical to sequence 6. Sequence 5 is used in the duplicate 6Mbps mode, whereby only

104 tones are needed, whereas sequence 6 corresponds to the 114 tones. Note that all 114 tones are transmitted in
the 6Mbps duplicate mode.
HTL 4 ={11111-111-1-1-t-1T11111-111-11-111-1-1

1t-t-11¢t-t-1-1-1-11-111-1-1-11-1-11-1-111-1111 (22)
oo0-1-1-1-1-1-1-1-1-1-1-1111-11-¥11-1-11-1-11-11
-11-t-1-1-11%¢t-11-1-1-11-11-11-111-11-1-11-1111}

In 40MHz, for Ny, =2, sequence 7 is:

HTL 4y ={-11111-111-1-1-1-101-111-111-11-111-1

-1rr-t-11t-t-1-1t1-11-1011-1-11-1-1-1-1-1-11-11-11

(23)
000-t-1-1-1-1-1-1-1-1-1-1111-11-111-1-11-111-11-1
l-t-1-1-111t1-11-1-1-1-1-11-11111-111-11-1111}

The tone-interleaving rule across two antennas in 40MHz is grouped into 2 sets:
set _1=[-58:2:2],[2:2:58]
(24)

set _2=[-57:2:-3],[3:2:57]

The tone-interleaving pattern in space and time for the HT long training fields is shown in Figure 57 for 2 antennas
(2 spatial streams):

7.2us v 7.2us R
Y
Gl Set_1 Set_1 GI Set 2 Set 2
\4
GI Set 2 Set 2 GI Set_1 Set_1
~— — —
—— —
HT-LTF, HT-LTF,
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1 Figure 57: HT-LTF pattern for 2 antennas (2 spatial streams)
2 In40MHz, for Ny, =3, sequence 8 is:

HTL gy q={-1-1-1-1-1-0111-1-1-1-1-1-1111-1-1-1-1-1-11111

rirrri-r-1-1-1-1-tr111111-1-1-1-t-1-1-1-1-1-1 -1-10

3 (25)
00-1-1-1-1-1-1-1-1-1-1-1-F111-1-1-11101¢81111¢%-1-1
-1-1-1-1-1-1-1-1-1-1111 1111111111 11-1-1-1}

4 The tone-interleaving rule across 3 antennas in 40MHz is grouped into 3 sets:

set _1=[-58:3:-4],[2:3:56]
5 set _2=[-57:3:-3],[3:3:57] (26)

set _3=[-56:3:-2],[4:3:58]

6  The tone-interleaving pattern in space and time for the HT long training fields is shown in Figure 58 for 3 antennas
7 (3 spatial streams);

7.2us 7.2us 7.2us
i GI| Set_ 1 [ Set 1 |GI| Set.2 | Set_2 [GI| Set 3 | Set3
Y
GI| Set 2 | Set2 [GI| Set 3 { Set 3 |GI| Set 1l | Set_l
Y
GI| Set 3 | Set 3 [GI| Set_! | Set_l |GI| Set 2 | Set2

' ~ T
HT-LTF, HT-LTF, HT-LTF,
Figure 58: HT-LTF pattern for 3 antennas (3 spatial streams)

10 In40MHz, for N, =4, sequence 9 is:

HTL g oo={-11-1-1-111-1101-11111-1 «1-1-11-1-1-11-11-1

1 t-1-1-t-1t1-1r-1-1t111r-11-1-11-111111-1-1-110 @27)
00-111-1-1-1-1-1111-111-1-1-11-11-1-1-11-11-1
SLrr1rtrrir-r-1-t-111-1111-181-1-11-11-1-11 13

12 The tone-interleaving rule across 4 antennas in 40MHz is grouped into 4 sets:
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set _1=[-58:4:2],[5:4:57]

set _2=[-57:4:-5],[2:4:58]
(28)
set_3=[-56:4:-4],[3:4:55]

set _4=[-55:4:-3],[4:4:56]

The tone-interleaving pattern in space and time for the HT long training fields is shown in Figure 59 for 4 antennas
(4 spatial streams):

7.2us 7.2us 7.2us 7.2us

\V4

GI| Set_1 | Set_l1 |GI| Set_ 2 | Set 2 | GI| Set 3 | Set 3 JGI| Set 4 | Set 4
Y

GI| Set 2 | Set 2 JGI| Set_3 | Set_3 | GI| Set_4 | Set 4 |GI| Set_1 | Set I
\V4

GI| Set 3 | Set 3 |GI| Set_ 4 | Set_ 4 |GI| Set_1 | Set 1 {GI| Set 2 | Set 2
\Y%

GI| Set_4 | Set_ 4 JGI| Set_I | Set_1 | GI| Set 2 | Set 2 JGI| Set_3 { Set 3

~ ~ ~ —
HT-LTF, HT-LTF, HT-LTF, HT-LTF,

Figure 59: HT-LTF pattern for 4 antennas (4 spatial streams)
The HT long training signal is generated similarly to the HT short training signal.

rl({i;“L)ONG (t) = WrurLonG (t)\/er Z HTL, exp {fZ”kAF (t—TGI —(n_l)THTLONG )}

keser_(1H{(ipy ~1)+(n=1)}mod Npy )
for (n=DTpion6 St<nTyriong and n=l- Ny (29)
Jor i e{l,... Ny}
One HT long training field consists of two such long training symbol plus a regular 0.8ps guard interval. The total
length of one long training field is 7.2ps, i.e., Ty ovg = 7.2445 . Since only part of tones are transmitted on each
antenna at any given long training symbol, it takes Npy - Tpyr; one for all the antennas to cover all the tones. The
duration of the HT-LTF is N7y - Ty rone -

The HT training fields in (2) for purposes of MIMO training can now be expressed as:

’g?;wNING ()= ’/SI‘TTE)fJORT (t)+ ’}Sli;xL)ONG (' ~Tur SHORT) (30)

If TX beamforming is performed on 1 spatial stream, i.e. N, =1, and N, >1, only one HT-LTF is needed
after the HT-STF, and this HT-LTF is identical to the 802.1 1a sequence, as shown in (8). We should point out that
the legacy part of the HT preamble is never beamformed, i.e. L-STF, L-HTF, L-SIG, and HT-SIG. And, the HT-STF

and the HT-LTF are shaped by the same steering matrix as the HT-DATA, such that channe! estimation is
independent of the choice of the steering matrix used at the transmitter.
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We should point out that the above discussion can be generalized for Ngg 22 and Ny, > N . This case

corresponds to TX beamforming with multiple spatial streams, whereby the number of HT-LTFs is equal to Ngs.
And, as mentioned above, in addition to tone-interleaving, the HT-LTF also undergoes the same spatial steering as
the HT-DATA fields.

11.2.1.4 Signal fields specification

The legacy long training field L-LTF shall be followed by the signal fields LSIG and HTSIG. The coding and
modulation follow the steps of clause 17.3.4 in ref[2]: BPSK modulation is used for the L-SIG and HT-SIG, with
code rate ¥; resulting in 6 Mbit/s. Between the LSIG and the HTSIG symbol, the BPSK modulation shall be rotated
counterclockwise by 90 degrees. This phase rotation can be used to “auto-detect” whether the frame being received
is legacy or HT. The constellation bit encoding is depicted in Figure 60.

LSIG HTSIG
Q Q
A I
4 4
i —> >
1 + ! I
4 -1

Figure 60: Constellation specification for LSIG and HTSIG

11.2.1.4.1 LSIG

RATE LENGTH SIGNAL TAUL

{4 bits) (12 hits} (6 bits)
RI R2 R3 R4 R[LSB MSB P po™ 07 070" g
o[ j2 3[4 ]s 6 7|8 J9 o2 i3 4 ps s [17 fig 19 ]20)21 |22 23

Transmit Ocder

B

Figure 61: SIGNAL field bit assignment

In the 20MHz mode, the format of the LSIG field shall be the same as the SIGNAL field as defined in figure 111 in
17.3.4 in [1]. The combination of RATE and LENGTH is used to signal a station (OFDM mode only) the duration
of a HT transmission. This duration does not have to be the actual duration of the HT frame. [t can be used to
reserve the medium beyond the actual transmission. The reservation of the medium through this kind of signaling is
called “spoofing”.

To prevent a legacy station from accessing the medium during a HT frame transmission, the “duration” calculated
from the RATE and LENGTH fields shall be at least as large as the actual duration of the HT frame, which is
measured from the end of the L-SIG field to the end of the DATA field. During an HT transmission, the RATE field
is set to 6Mbps, whereas the LENGTH field is set based on the “duration” value.
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In the 40MHz mode, the legacy signal field is duplicated such that tones are filled from -58 to -6 (lower-
subchannel), and from +6 to +58 (upper-subchannel). The upper subchannel shall be phase rotated by 90 degrees, in
the same way as the LTS as described in 11.2.1.3.2

The LSIG shall be transmitted in the same fashion as the legacy short and the legacy long training fields. If L-STF
and L-LTF are transmitted from a single antenna, we index that antenna as ir, =1 to be consistent with 11.2.1.3.2.

Denote LSIG ;¢ and LSIG_s&s8 as the LSIG OFDM symbol generated for 20 MHz and 40 MHz respectively.

Then, for transmission over a single antenna, we have,

N
; N. LSIG j2kA g (=T, =1
rl:rs'}c (f) - Te Wsrm (t)k=—§A;R k exp{j 7T F (t Gl )} Tx (31)

0 otherwise
Similarly, if the legacy training fields are transmitted across muitiple transmit antennas using CDD, we have

Ngx
rL(;’,g = Wy, (t) Z LSIG, exp{j27rkAF (t—TG, —(i,x —I)TS,"], )} (32)
=~Ng
11.2.1.4.1.1 Data rate (RATE)

For a legacy station (11a or 11g), RATE has the original meaning as is defined in Table 80 of section 17.3.4.1 in [1].
For reference the table is repeated here:

Rate { ¥Ibits/s) Ri-R4
6 1101
9 i
12 0101
8 01t
24 1001
36 10t
48 0001
S 4 001!

Table 25: Content of the legacy SIGNAL field

11.21.41.2  PLCP length field (LENGTH)

The PLCP length field in HT is used to indicate to both legacy and HT stations a protection duration. [t contains a
value, which when combined with the rate field defines a duration. The number of bytes in the LENGTH field is
calculated based on the perceived RATE of a legacy station defined in R1-R4 and the actual number of bytes that
the MAC is currently requesting the PHY to transmit, taking into account the number of transmit antennas (spatial
streams), the bandwidth and the extra fields (symbols) in the preamble.

As indicated in 11.2.1.4.1, the calculated duration is allowed to be longer than the actual duration of the HT
transmission. However the LENGTH value should be equal to or smaller than 2346 bytes to avoid mis-interpretation
by existing legacy devices.
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11.2.1.4.2 HTSIG
The LSIG field shall be followed by the HTSIG, which serves as the signal field for the HT PHY. HTSIG consists of
two OFDM symbols: HTSIG1 and HTSIG2. HTSIG1 shall be transmitted first in time.

The encoding of HTSIG1 and HTSIG2 shali be the same as LSIG, with the exception that the BPSK mocdulation is
rotated 90 degrees as described in clause 11.2.1.4.

In the 40MHz mode, the HTSIG1 and HTSIG2 are duplicated. The upper sub-channel shall be phase rotated by 90
degrees in the same way as the L-LTF, as described in 11.2.1.3.2

Figure 62 shows the bit assignment for the two symbols. They will be described in the next clauses.

HTSIG1 and HTSIG2 shall be transmitted in a similar fashion as the LSIG. Denote I-ITSIGl’lzﬁ,26 and

HTSIGE‘;'SB as the first and second OFDM symbol of the following defined HTSIG as a data field. Then:

Nsr

2
) (1) ,/er’é{wsm (1) }NSR HTSIG] exp{ j27kA g (= Ty = (n=DTspy ))}} i =1 33)

0 otherwise

if the legacy training fields are sent only on the first antenna. And, if CDD is used to transmit the legacy signal
fields, then

. 2 Nsa
rim (0 = Z{wm (t) > HTSIG; exp{ J2rkd (t=Tg ~(n=1)Tgpy = (i = 1) T )}} (34)
n=l k=—Ng
where T, =4us is the OFDM symbol duration.

HTLENGTH (18 bits) MCS (6 bits)

0 l 1|2] 3| 4|51 617' 8[ Ql10[11]12'13]14'15'16'17-18l19l20I21|22|23

3 -
= = 2 HTSIG1
[, o LQ
2 = =
- 5 Q E = 2 =R
~ - < i} 5 < Z =2
S E o« W x 2
Z g o T - E w <
o W 2 m < =
o 2,8, & 2,9, @ 3
o &8 Wii=l<s s |8
S 4135 S % % < |e
a O e |3 i i
2 ¢8| 2 |28 & |3 CRC (8 bits) SIGNAL TALL (6 bits)
Q 11213141516 718 g 10|11|12|13|14|15|16!17 18J19I20I21l22|23
HTSIG2
Transmit Order

Figure 62: HT SIGNAL FIELD (HTSIG1 and HTSIG2) bit assignment

11.2.1.4.21 HTLENGTH fieid

The HTLENGTH field shall be an unsigned 18-bit integer that indicates the number of octets in the PSDU that the
MAC is currently requesting the PHY to transmit. This value is used by the PHY to determine the number of octets
that will occur between the MAC and the PHY after receiving a request to start transmission.
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Bit 0 is the LSB (least significant bit) and shall be transmitted first in time to the channel encoder.

11.21.4.2.2 MCS field

The MCS field is a 6-bit field (bit 18-23 of HTSIG1) and defines the modulation and coding scheme, as indicated in
Table 26.

Bits 18-23in  Number of GI = 800ns GI = 400ns
HT-SIG1 spatial Modulation Coding rate Rate in Rate in Rate in Rate in
(MCS index) streams 20MHz 40MHz 20MHz 40MHz
0 1 BPSK 12 6 13.5 6.67 15
1 i QPSK 172 12 27 13.33 30
2 1 QPSK 3/4 18 40.5 20 45
3 1 16-QAM 172 24 54 26.67 60
4 1 16-QAM 3/4 36 81 40 90
5 1 64-QAM 2/3 48 108 53.33 120
6 1 64-QAM 3/4 54 121.5 60 135
7 1 64-QAM 7/8 63 141.75 70 157.5
8 2 BPSK 12 12 27 13.33 30
9 2 QPSK 1/2 24 54 26.67 60
10 2 QPSK 3/4 36 81 40 90
11 2 16-QAM 1/2 48 108 53.33 120
12 2 16-QAM 3/4 72 162 80 180
13 2 64-QAM 2/3 96 216 106.67 240
14 2 64-QAM 3/4 108 243 120 270
15 2 64-QAM 7/8 126 283.5 140 315
16 3 BPSK 172 18 40.5 20 45
17 3 QPSK 172 36 81 40 90
18 3 QPSK 3/4 54 121.5 60 135
19 3 16-QAM 172 72 162 80 180
20 3 16-QAM 3/4 108 243 120 270
21 3 64-QAM 2/3 144 324 160 360
22 3 64-QAM 3/4 162 364.5 180 405
23 3 64-QAM 7/8 189 425.25 210 472.5
24 4 BPSK 172 24 54 26.67 60
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25 4 QPSK 1/2 43 108 5333 120
26 4 QPSK 3/4 72 162 80 180
27 4 16-QAM 172 96 216 106.67 240
28 4 16-QAM 3/4 144 324 160 360
29 4 64-QAM 273 192 432 213.33 480
30 4 64-QAM 3/4 216 486 240 540
31 4 64-QAM 78 252 567 280 630
32 1 BPSK 172 6 6.67

Table 26: MCS field content for the basic mode
MCS indices from 33 to 63 (31 in number) are reserved for the Advanced MIMO Mode.

11.2.1.4.2.3 ADVCODING
ADVCODING is a 1-bit field that indicates if advanced coding has been applied to the PPDU.

11.21.4.24  SOUNDING PACKET

This bit indicates that MIMO training is per antenna, implying that all transmit antennas are excited. If this bit is
set, the packet can be used for antenna-to-antenna channel estimation necessary for closed loop beam forming. If
NOT set, the packet cannot be used as a sounding packet either because the MIMO training excites fewer spatial
streams than antennas, or because beam forming has been applied.

11.2.1.4.2.5 NUMBER (of) HT-LTF

These bits indicate the number of HT-LTFs in the current PPDU. This enumeration relates to the sounding packet,
which is used to train the full spatial channel between the transmit and the receive antenna array. Note that the
number of HT-LTFs is less than or equal to the number of transmit antennas.

11.2.1.4.2.6 SHORT Gl

SHORT Gl is a 1-bit field. If SHORT Gl is 1, the Short Guard Interval is used in the data portion of the frame.

11.2.1.4.2.7 AGGREGATE

AGGREGATE is a 1-bit field. If AGGREGATE is 1, aggregation in the PPDU is used.

This field robustly transports the AGGREGATE parameter of the PHY DATA service, which is present in both
TXVECTOR and RXVECTOR. The MAC uses this transported parameter to interpret the PSDU as either
unaggregated or aggregated.

11.2.1.4.2.8 SCRAMBLERINIT

SCRAMBLERINIT is a 2-bit field that contains the initialization value of the scrambler. This value is used to
initialize the scrambler at the receiver. The mapping of the 2-bit field to initialization sequences is described in
Table 18.

11.2.1.4.29 20/40 BW

This bit indicates whether the current PPDU is signaled in 20MHz or 40MHz bandwidth. A value of 0 indicates
20MHz, whereas a value of | indicates 40MHz.

11.2.1.4.210 CRC
CRC is an 8-bit CRC value. The CRC is taken over LSIG, HTSIG1 and bit0-bit9 of HTSIG2.
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The CRC field shall be the one’s complement of the remainder generated by the modulo 2 division of the protected
bits by the polynomial

Laxt+xt+x® (35)
where the shift-register state shall be preset to all-ones. The protected bits shall be bit0-bit16 of LSIG, bit0-bit23 of
HTSIG, and bit0-bit9 of HTSIG2. The protected bits shall be processed by the CRC encoder in transmit order. A
schematic of the processing is shown in Figure 63.

As an example, consider the following values for the LSIG, HTSIG1 and HTSIG? fields:
1101 0001 1101 1101 0000 0000 [LSIG]
0111 1011 0100 1011 1010 0000 [HTSIG1]
0010 1101 10CC CCCC CC00 0000 [HTSIG2]
WHETE Dgerrriiiiceiceces ettt ba; [leftmost bit (be) is transmitted first in time]
Then, the protected bits that are input to the CRC encoder are
11010001 1101 1101 0,0111 1011 0100 1011 1010 0000, 0010 1101 10
and the calculated CRC8 equals
00001101
so that HTSIG2 equals
0010 1101 100G 0011 0100 0000

PRESET TO

ONE'S
SERIAL DATA SERIAL DATA
INPUT CRC-8 OouTPUT

1. Present shift register to all one’s

2. Shift bit0-bit16 of LSIG, HTSIG1, and bit0-bit9 of HTSIG2 through the shift register
3. Take one’s complement of the remainder

4. Transmit out serial x7 first

Gx)=x8+x2+x"+1

SERIAL DATA v v v 4J
INPUT D x5 [P X2 [P X' [P x°
SERIAL DATA
OUTPUT (x’ FIRST)
ONE's COMPLEMENT —
Figure 63: Generation of CRC bits
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11.2.1.4.2.11  SIGNALTAIL
The bits 18-23 constitute the SIGNALTAIL field, and all 6 bits shall be set to zero.

11.2.1.5 Datafield
Contrary to 801.11a, the data field in our proposal does not contain a SERVICE field.

The data field contains the PSDU, the Tail bits and the PAD bits. All bits in the DATA field are scrambled, as
described in 11.2.1.5.3. The PPDU is de-multiplexed across several spatial streams, which are created after the
parser. Figure 45. shows the de-multiplexing across 2 spatial streams. Qur proposal supports up to 4 spatial streams.

11.2.1.5.1 PSDU tail bit field (TAIL)

The PSDU tail bit field shall be six bits of ““0,” which are required to return the convolutional encoder to the “zero
state.”” This procedure improves the error probability of the convolutional decoder, which relies on future bits when
decoding and which may be not be available past the end of the message. The PLCP tail bit field shall be produced
by replacing six scrambled “zero” bits following the message end with six nonscrambled “zero” bits.

11.2.1.5.2 Pad bits (PAD)

The length of the message is extended so that it becomes a multiple of the number of data bits per OFDM symbol
for each data (spatial) stream. The number of Pad bits is dependent how the bits are divided over the spatial streams.

11.2.1.5.3 PLCP Data Scrambler and Descrambler

The 11a Scrambler and Descrambler will be used as described in 17.3.5.4 in ref [1].

The DATA field, composed of PSDU, tail, and pad parts, shall be scrambled with the length-127 frame-synchronous
scrambler.

The scrambler shall be initialized according to the SCRAMBLERINIT fields in HTSIG2.

As described in 11.2.1.5.1 the PLCP tail bit field shall be produced by replacing six scrambled “zero” bits following
the message end with six nonscrambled “zero” bits.

11.2.1.5.4 Antenna streams / Transmitter architecture

The transmitter architecture with 2 spatial streams in the basic MIMO mode is shown in Figure 45. In the basic
MIMO mode, the number of spatial streams equals the number of active transmit antennas. By active, we imply
those antennas that transmit datafields.

The information bits first go through a convolutional encoder. The convolutional encoder is of rate % , from which
other rates are derived by puncturing (see 11.2.1.5.6). The output of the puncturer feeds into the spatial parser,
which creates several spatial streams, using round robin cycling. The frequency interleaver places the bits in the
frequency.domain and the constellation position according to the rules of the 802.11a interleaver. The interleaved
bits are then mapped to constellation points. The resulting QAM symbols are fed as a block of data to the iFFT to
create the time-domain signal. The pilot tones are also inserted in the frequency domain. The cyclical prefix is
inserted in the time domain, and windowing of the OFDM symbols is also performed in the time domain. The
resulting signal is then converted into analog format via a Digital-to-Analog (D/A) converter.

11.2.1.5.5 Encoder

The DATA field shall be coded with the convolutional encoder of coding rate R=1/2. The encoder is defined in
clause 17.3.5.5 in [1] (i.e. the 11a encoder).

11.2.1.5.6 Puncturing of Coded Data

Coded bits at the output of the convolutional encoder are at rate 1/2. For lower rates, the puncturer can selectively
puncture the coded bits to achieve the desired “effective” coding rate of 2/3, 3/4 or 7/8. For code rates of 2/3 and 3/4
the puncturing patterns are as defined in clause 17.3.5.5 in [1]. For a code rate of 7/8, the puncturing pattern is
illustrated in Figure 64.
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Punctured Coding (r = 7/8)

Source Data X0 | X1 | X2 | X3 | X4 | X5 | X6

AO[A1 | A2 A3 | A4| A5 | AB
Encoded Data Stolen Bit
BO |B1[B2| B3 |B4a|B5) B6

Bit Stolen Data
(sent/received data)

A0 | BO [ A1 | A2 { A3 (B4 | A5 | BS

A0 [ A1 | A2 | A3 | A4 | A5 | A6

Bit Inserted Data Inserted Dummy Bit
BO |B1}B2|B3|B4|B5{B6

Decoded Data yo |yt | y2 [ y3 | yd | y5 | ¥6

Figure 64: Puncturing pattern for code rate = 7/8

In the basic MIMO mode, all spatial streams are identically punctured.

11.2.1.5.7 Data interleaving

Coded and punctured bits are interleaved across spatial streams and frequency tones. There are two steps to the
space-frequency interleaving: spatial stream parsing and frequency interleaving.

11.21.5.71 Spatial Parsing

Encoded and punctured bits are parsed to multiple spatial streams by a round-robin parser. Define:

s = max{Ny/2,1} (36)

which is the number of QAM bit order values, as in [1] equation (17). Then the parser sends consecutive blocks of s
bits to different spatial streams in a round-robin fashion starting with the first spatial stream. The reason for parsing
in blocks of § bits is to prevent clustering of QAM orders.

11.2.1.5.7.2 Frequency interleaver

All encoded bits shall be interleaved by a separate block interleaver for each spatial stream, with a block size
corresponding to the number of coded bits in a single OFDM symbol, Ncgps. The block interleavers are based on the
802.11a interleaver, with certain modifications to allow for multiple spatial streams and 40MHz transmissions as
shown in Figure 65.
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SISO (112/g) -
a 11a Bitinterteaver, | 113 Bitinterteaver,

F '—-\—1 Permutation >
! Cperstion 1 Operation 2

MIMO 2x r
112 Bit interleaver, | 11a Bit interteaver,
—b-' Pemmutation L P i

Operation 1 | l Cperation 2

f ™
11a Bit interleaver, l ' 11a Bitinterloaver,
L Permutation Pa Permutation - ng{:g:ﬁy -
Operation 1 L Operation 2

Figure 65: Structure of interleaver

The interleaver is defined by a three-step permutation. The first permutation ensures that adjacent coded bits are
mapped onto nonadjacent subcarriers. The second permutation ensures that coded bits are mapped alternately onto
less and more significant bits of the constellation and thereby long runs of low reliability (LSB) bits are avoided.
The third permutation ensures that coded bits are mapped to achieve better frequency-spatial diversity among all
spatial streams via frequency rotation. The operations of the first two permutations are the same as in 802.11a.

The basic interleaver array has N, rows and N,

cotumn ©0lumns and the base of frequency rotation is defined

by N,,, . These parameters are specified in

Table 27 where Vg~ is the number of coded bits per subcarrier (e.g., N g = 1 for BPSK, 2 for QPSK, 4 for 16
QAM, etc).

Table 27: Interleaver Parameters

column N row N rot
20 MHz channels 16 3 NBPSC 1
40 MHz channels 18 6 NBPSC 29

The exact amount of frequency rotation for different spatial streams is illustrated in Table 28.
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Table 28: Amount of Frequency Rotation

_ Total Number of Streams

Frequency Rotation - ———— :

1 27| a4

st

1" stream 0 0 0 0
2" stream 2N, 2N, 2N,

3™ stream N N
rot rot
4" stream 3N,
rol

The index of the coded bit before the first permutation shall be denoted by £; i shall be the index after the first and
before the second permutation; ; shall be the index after the second permutation and before the third permutation; »
shall be the index after the third permutation and just prior to modulation mapping. Mathematically,

The first permutation is defined by the rule

i=N,, x(kmodN,,,,,)+floor(k/ N ..) k=0,,...,Ncgps —1(37)

The second permutation is defined by the rule

j=sxfloor(i/s)+ (i + Neges — ﬂoor(Nc,,,,",,,l X1/ Ngps ))mods i=0,1...,Negps —1 (3%

where s is determined according to

5= rnax(NBPSC /12,1) (39)
The third permutation is defined by the rule

r=(j—((2xi”)mod3+3x floor(i,, /3))x N,,, xNBPSC)mod Negps 7 =0,1,...,Negps —1 (40)

where ic =0,1,...,Ng; —1 is the index of the spatial stream on which this interleaver is operating.

The deinterleaver, which performs the inverse relation, is also defined by three permutations. Here the index of the
original received bit before the first permutation shall be denoted by #; j shall be the index after the first and before
the second permutation; i shall be the index after the second and before the third permutation; and & shall be the
index after the third permutation.

The first permutation is defined by the rule
j= (r +((2x1,)mod 3 +3x floor(i,, /3))x N, x Ngpsc )mod Negess T=0,1,..., Negps —1 @én
This permutation is the inverse of the permutation described in Equation (40).

The second permutation is defined by the rule

i =sxfloor(j/s)+(Jj+000r (N % j/ Negps))mods, j=0,...,Negps =1 (42)

[]

where s is as defined in Equation (39). This permutation is the inverse of the permutation described in Equation (38).
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The third permutation is defined by the rule
k=N gy Xi—(Ngps =D floor (i/ N ), =0, Negos =1 (43)
This permutation is the inverse of the permutation described in Equation (37).

L R S

11.2.1.5.8 Subcarrier Modulation Mapping

The subcarrier modulation mapping will be identical to clause 17.3.5.7 in [1].

5
6
7
8 There is one exception as described in clause 11.2.1.4. The mapping of the HTSIG field shall be rotated by 90
9 degrees.

0

11 11.2.1.5.9 MIMO-OFDM symbol iFFT mapping

12 For the MIMO-OFDM operation in 20 MHz bandwidth, the modulation coding scheme (MCS) for each spatial
13 stream will be identical to that in IEEE 802.11a (clause 17.3.5.9 in [1]).

15 Construction of the OFDM data symbol in 40MHz begins with bonding two adjacent 20MHz OFDM symbols, as

16  shown in Figure 66. There are a total of 11 guard tones between the two 20MHz channels, ranging from -5 to +5.

17 Note that the legacy channels occupy tones from -58 to -6 in the lower sub-channel, and from +6 to +58 in the upper
18 sub-channel. Of the 11 guard tones, 3 are nulled out: -1, 0, +1. This provides 8 additional data tones. Two DC tones

19 are also inherited from the legacy sub-channels. These occur at -32 and +32 in the lower and upper sub-channels

20  respectively. There are 4 pilot tones in each legacy sub-channel, and when mapped to the 40MHz iFFT indices, they
21 occur at£53, £39, £25, £11. Of these 8 tones, the two tones at -39 and +39 are swapped with data, leading to a total
22 of 6 pilot tones in the 40MHz channel. Tone assigned during 40MHz for DATA symbols can be summarized as:

Nulled Tones = {-64...-59,-1,0,+1,+59... + 63}
Populated Tones ={-58...-2,+2...+58}

23 (40)
Pilot Tones = {—53,-25,-11,+11,+25,+53}

Data Tones = {Populated Tones} —{Pilot Tones}

Reclaimed
I
Tone Fill
|
-53 -25 -11 +11 +25 +53
]
- ! "
-64  -58 -32 6 2 42 +6 +32 +358 +63
Legacy 20MHz in Legacy 20MHz in
24 Lower Sub-Channel Upper Sub-Channel
25 Figure 66: Tone Format for 40MHz channelization
26

27  The mapping of the input of the 40MHz channel to a 128-point IFFT is illustrated in Figure 67.
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NullPC) oo 1 g I

Null @##1) —

. 5 L

6 —

L E— Y —

#32 (DC high legacy ch.) —— 32 —

N — < —

s — s —

Null —_ 1 59 —

11 guard-band ) —_— —
null subcarriers . —_— . ——  Time domain output

Nul 69 —

#58 @—2 170 —

#.33 ————— g5 —

#-32 (DCJow legacy ¢h) 96 L

#-31 — - Y 4 L

122 —

123 —

Null (+4) ——— ] 127 -

Figure 67 Inputs and Outputs of IFFT for a 40 MHz channel

The complex numbers after the mapping are divided into groups of Ngj, where Ng, =48 in the 20MHz mode and
N, =108 in the 40MHz mode. Following the convention in clause 17.3.5.9 in {1], the complex number is denoted
as d,EZ“) , which corresponds to the k th subcarrier in the #th OFDM symbol that is transmitted from the iy, th
antenna.

An OFDM data symbol, rE(,Z’}L,,, (r), is defined as

. Ngp-1 .
rg:‘q"m‘n (t) = Weps (1)[ /Eo d,(‘,’l‘nX) exp(jthM (k)A,,— (t—TGI ))
) (41)

Nsr .
FDn3 2 Pk(ITX) exp(jZ:rkAF (t-Ty ))J
k=-Nsr

where function M (k) , defines the mapping from the logical subcarrier number £ to a value between —Ng; and
+Ngp , while skipping the pilot subcarriers and DC and its adjacent subcarriers. M (k) in the 20MHz mode is same
as the one defined in clause 17.3.5.9 in [1]. M (k) in the 40MHz mode is defined as
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r 3

k-58 0<k<4
k=57 S5<k<3l
k-56 32<k<44
k=55 45<ks<53
ME)=10 52 se<h<e2 (42)
k=51 63<k<75
k=50 T6<k<102

k-49 103<k <107

The contribution of pilot subcarriers in the 20MHz mode is given by (24) in clause 17.3.5.9 in ref [1]. The subcarrier
frequency locations in the 20MHz mode is shown in Figure 117 in clause 17.3.5.9 in ref [1]. The subcarrier
frequency locations in the 40MHz mode is shown in Figure 66.

The iFFT mapping for the 6Mbps duplicate mode in 40MHz differs slightly from the mapping shown in (41):
) N%-l ) . _NgD-l )
roatan ()= wsne (1) = dyp exp(;Z:r(M(k)—oZ)A,.— (’”Tcl))+1 Z:o d eXP(ﬂ”(M(k)“'n)AF ("TGI)) (43)

+Pre f Pkexr>(12ﬂ(k 32)Ap(1- TG]))‘*‘JP,.+; f Poexp(j2x (k+32)Ap (t- Tc:))]

where, Ngp =48 and Ngp =26 are values that correspond to a 20MHz transmission. M (k) P, and p, follow
the definitions in (23) to (25) in clause 17.3.5.9 in [ref 2]. P, for the HT 40MHz mode is defined in 11.2.1.5.10.2.

The concatenation of Ny OFDM symbols can now be written as

< Nspg-1 o,
E(g;'A g éE'Anf -nTsny) (44)

11.2.1.5.10 Pilot subcarrier

In each OFDM symbol, four of the subcarriers in 20 MHz mode and six of the subcarriers in 40 MHz mode are
dedicated to pilot signals in order to make the coherent detection robust against frequency offsets and phase noise.
These pilot signals shall be put in subcarriers —21, -7, 7, and 21 in 20MHz mode, and in subcarriers -53, -25, -11, 11,
25 and 53 in 40MHz mode.

11.2.1.5.10.1  Legacy pilot subcarriers
Legacy pilots are defined as in 802.11a; refer to clause 17.3.5.8 in [1].

11.2.1.5.10.2  Pilot subcarriers in HT mode
The contribution of pilot subcarriers at the I, th transmission stream in 20MHz mode is produced by inverse

Fourier transform of sequence P ( ”) given by

P4, . ={0,0,0,0,0,P%,0,0,0,0,0,0,0,0,0,0,0,0,0, P%),0,0,0,0,0,0,0,

(45)
0,0,0,0,0,0, %,0,0,0,0,0,0,0,0,0,0,0,0,0,~ £{=,0,0,0,0,0 }
where non-zero element of P,‘(_i;*) is generated by the following rule
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j 1k
P =exp{%(in —l)m}, m=(5(7+3)+nJ mod 4 (46)
In the 40MHz mode, Pk(_';'f) is given by

P, ={0,0,0,0,0, P4 .0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,P% 0,0,
0,0,0,0,0,0,0,0,0,0,0,~ P%>.0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0, B ,0,0,0,0,

_ (47)
0.0,0,0,0,0,0,0,0,- £S,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,
0,0,£$2,0,0,0,0,0}
where non-zero element of Pk('i,?) is generated by the following rule
in ((k:411)+3+n) mod 4, k =-53,-25,-11
Pk(,"r'k) =exp{7(irx - l)m}, m= ((k + 3) (48)

—14—+3+n)mod4,k= 11, 25, 53

The polarity of the pilot subcarriers is controlled by sequence p, , which is a cyclic extension of the 127 elements
sequence as defined in clause 17.3.5.9 in ref2].

11.2.1.5.11 GI/ windowing

The windowing function in both 20MHz and 40MHz modes is the same as the one described in clause 17.3.2.4 and
17.3.2.5in{1]). The example in clause 17.3.2.5 in [1] still holds for the 20MHz modes. In the 40MHz modes, the

changes in this example is the sampling rate becomes 40MHz and T, = 50ns, then the discrete implementation of
the windowing function is

1 1£n<159
wy [n]=wr (nT,)=405 0,160 (49)
0 otherwise

11.2.1.6 Clear channel assessment

When operating in the 5 GHz band the HT PHY shall follow the CCA requirements of 11a, clause 17.3.10.5 in [1].
When operating in the 2.4 GHz band the HT PHY shail follow the 11g spec according to 19.3.5 and 19.4.6 in ref [3).

11.2.1.7 PMD operating spec

In the 20 MHz bandwidth mode the HT PHY shal! follow the 11a spec (clause 17.3.8 in ref [1]) and subsequent
specifications when operating in the 5 GHz band.

In the 20 MHz bandwidth mode the HT PHY shall follow the 11g spec (clause 19.4) when operating in the 2.4 MHz
band.

11.2.1.7.1 Transmit spectral mask

11.21.7.1.14 20MHz channel spacing

In the 20 MHz bandwidth mode the HT PHY shall follow 17.3.9.2 in ref [1]. The transmitted spectrum shall have a
0dBr (dB relative to the maximum spectral density of the signal) bandwidth not exceeding 18MHz, -20dBr at 11
MHz frequency offset, -28dBr at 20MHz frequency offset and -45dBr at 30MHz frequency offset and above. The
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ransmitted spectral density of the transmitted signal shall fall within the spectral mask, as shown in Figure 1. The
measurements shall be made using a 100kHz resolution bandwidth and a 30kHz video bandwidth.

20 MHz 802.11n Transmit Spectrum Mask

T 1 L3 I 1 11 i

Power Spectral Density (dBr)

== Transmit Spectrum Mask
— Typical Signal Spectrum (an example)
) ) I T I

T 1 1
-30 -20 -11 -8 0 9 1 20 30
Frequency (MHz)

Figure 68: Transmit Spectrum Mask for 20MHz channelization

11.2.1.7.1.2 40MHz channel spacing

The transmitted spectrum shall have a 0dBr (dB relative to the maximum spectral density of the signal) bandwidth
not exceeding 38MHz, -20dBr at 21 MHz frequency offset, and -45dBr at 60MHz frequency offset and above. The
transmitted spectral density of the transmitted signal shall fall within the spectral mask, as shown in Figure 2. The
measurements shall be made using a 100kHz resolution bandwidth and a 30kHz video bandwidth.
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40 MHz 802.11n Transmit Spectrum Mask

T L 11 TT I

Power Spectral Density (dBr)

mumm Transmit Spectrum Mask

— Typical Signal Spectrum (an example) |:: :
1 11 1 L1 4
-60 -21-19 0 19 21 €0
Frequency (MHz)

Figure 69: Transmit spectrum mask for 40MHz channelization

A HT device transmitting a 20MHz signal in a 40MHz BSS shall conform to the spectral mask shown in Figure 69.

11.2.2 Basic Transmit Beamforming (Optional Mode)

11.2.2.1 Introduction

One method of improving the SNR at the receiver, for a given distance between stations, is to apply transmit
beamforming. A basic requirement for transmit beamforming is the availability of channel state information (CSI).
In our proposal, CSI is obtained by assuming channel reciprocity. The initiator sends a request for a sounding packet
to the intended recipient, which in turn sends a sounding packet back to the initiator. The initiator extracts the CSI
from this packet, and assumes that the forward channel is identical to the reverse channel. Assumption of channel
reciprocity also requires radio calibration, since the TX-RX radio pair on the reverse link is different from the TX-
RX pair on the forward link. Our proposal also includes a packet exchange sequence to help perform radio
calibration.

11.2.2.2 Motivation of MIMO-Beamforming (Informative)

Beamforming-MIMO can achieve higher throughput than basic MIMO at same SNR, or conversely, higher range at
the same data rate. The benefit of TX beamforming is most pronounced when the number of TX antennas is larger
than the RX antennas, when multiple spatial streams are being transmitted. For e.g., a typical configuration
involving TX beamforming could be either 3 or 4 antennas at the AP, and 2 antennas at the client. Hence, the client
is kept low-cost, while the AP shoulders a higher cost burden.
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11.2.2.3 Description of BF-MIMO

11.2.2.3.1 Beamformed PPDU

The transmitter may choose to use antenna beamforming in order to increase the antenna gain in the direction of an
intended receiver. The beamforming process is represented mathematically as a linear transformation, mapping the
streams of data to the transmit antennas.

Let x be the Ngg dimensional vector of data, where each element of x is from one of the spatial streams of data. The
beamforming transformation is represented by a Nrx x Nss matrix, V. The beamforming operation, on a per
subcarrier basis, is represented by,

st = Viipgrvs Xt (50)

The y vector is an Nrx dimensional vector whose elements get mapped to the Nyx antennas. The beamforming
matrix V is applied to the HT-STF and HT-LTF training fields as well as the data. There are several methods for
calculating V. One of them involves singular value decomposition (SVD) of the channel transfer matrix H.

It is optional for a device to be able to perform TX beamforming. However, it is mandatory that a device to receive a
beamformed packet, which implies that the device should be able to send a sounding packet to the initiator.

11.2.2.3.2 Channel sounding

11.2.2.3.21 Channel sounding principle

In order for a STA to send a beamformed PPDU (BF-PPDU) to another STA it is necessary for the STA to have
channel state information from the transmitter to the receiver. To simplify the explanation we will introduce several
new terms. The STA that is to send a BF-PPDU is referred to as the beamforming STA and the STA that is to
receive the BF-PPDU is referred to as the non-beamforming STA.

Using implicit feedback, the non-beamforming STA sends a sounding PPDU to the beamforming STA, which
enables the beamforming STA to estimate the channel from the non-beamforming STA to the beamforming STA.
This channel estimate is used to calculate the required beamforming matrix for the beamforming-STA to non-
beamforming STA transmission.

11.2.2.3.2.2 Sounding PPDU format

In a non-sounding PPDU the number of HT-LTFs is equal to the number of spatial streams, which may be less than
the number of transmit antennas. However, in order to calculate the beamforming matrix from one STA to another
STA it is necessary to estimate the full channel matrix, which requires that the PPDU include a full set of Nyx LTFs.
In order to facilitate estimation of the complete channel matrix, a sounding PPDU is introduced. A sounding PPDU
fully excites the channel, enabling estimation of the full channel matrix. No beamforming shall be applied to either
the LTFs or the data in a sounding-PPDU. In other words the beamforming matrix, V, is the identity matrix. Thus
techniques such as Walsh + CDD should not be applied to sounding PPDU.

In the sounding PPDU, the “sounding bit” in the HT-SIG is set to “one”. The number of HT-LTFs is equal to the
number of transmit antennas, and not necessarily the number of spatial streams. Thus in a sounding PPDU the
number of HT-LTFs is set by the NLTF portion of the HT-SIGNAL field, which overrides the setting of the number
of HT-LTFs specified by the MCS portion of the HT-SIGNAL field. The NUMBER HT-LTF is identical to the
number of TX antennas.

It is mandatory that a STA support the transmission of a sounding PPDU in response to a TRQ message in the [AC
MPDU.
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11.2.2.3.3 Calculation of beamforming matrix using SVD (Informative)

Once a STA has a proper estimate of the channel, then it can use that channel estimate to select a recommended
beamforming matrix. There are a variety of techniques that can be used to select the beamforming matrix. One
method of selecting the beamforming matrix is by calculating the singular value decomposition of the channe! from
this STA to the intended receiving STA. Let H be the channel matrix from the transmitter to the receiver. The SVD
of the channel matrix is given by,

H=UDV" 1)
Both U and V are unitary matrices and D is a diagonal matrix of singular values. The transmitter selects the
dominant Ngs singular values and then sends only Ngs spatial streams. The first Ngs rows of the V matrix are used
as the beamforming matrix, mapping the spatial streams of data to the TX antennas. This same beamforming matrix
is applied to the HT-LTFs, except for one difference. The number of HT-LTFs is equal to Nss, and each
rransmission of HT-LTF is shaped by one singular vector.

11.2.23.3.1 Channel Reciprocity

To determine the beamforming matrix, the transmitter needs to know the channel from the transmitter to the
intended receiver. That channel is estimated using implicit feedback and channel reciprocity. The ransmitter uses
the previous sounding PPDU sent from the intended receiver to estimate the channel from the intended receiver to
the transmitter. In order to estimate the channel from the receiver to the transmitter, it uses the principle of
reciprocity. The principle of reciprocity is that the downlink channel (the channel from the AP to the STA) is the
transpose of the uplink channel (the channel from the STA to the AP). Letting Hp be the downlink channel and Hy
be the uplink channel, reciprocity is,

H,=Hf (52)

11.2.2.3.4 cCalibration Methodology (Informative)

11.2.2.3.4.1 Calibration Overview

In order for a transmitting 802.11n STA to transmit to another 802.11n STA using beamforming, it must
have a good characterization of the channel that it is transmitting over so that it can chcose the correct
transmit steering vectors. The STA obtains this characterization by cbserving the HT-LTF transmitted by
the STA to which it is transmitting. This approach is based on the reciprocal property of the over-the-air
(antenna-to-antenna) TDD channel, and reciprocity must be in effect for the approach to provide the best
rate and range performance available.

Although the Basic MIMO and Walsh-CDD modes do not require it, calibration neither improves nor
degrades performance with those modes. Thus, STAs may calibrate upon entering a BSS in which the
AP is transmit beamforming capable, or at any other time, and if they are capable of transmitting in
beamforming mode, the resulting calibration correction vectors may be employed for all transmission
modes and on all frames. STAs that are not capable of transmitting in beamforming mode may also
perform the calibration procedure with any transmit beamforming capable AP with which they associate,
in order to enable that AP to transmit to them in beamforming mode.

Throughout the discussion of beamforming transmission in this document, it is assumed that
communication in beamforming mode takes place between devices that have been calibrated.

The following section describes the calibration procedure for a communication link, where the two
communicating STAs are referred to as STA A and STA B. Note: calibration as described here is only
applicable to STAs with two or more antennas, where both transmission and reception are possible on
each antenna.

11.2.2.3.4.2 Calibration procedure for Tx Corrections

In order to consider the operation of a TDD MIMO OFDM system in conjunction with beamforming
techniques through transmit and receive steering, it is necessary to first consider the need to ensure that
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the over-the-air reciprocity of the TDD channel is preserved in the observed, baseband-to-baseband TDD
channel. Reciprocity is critical in the functioning of these systems because it provides efficient means for
a STA to learn the transfer function of the channel over which it will transmit.

In order to ensure that the baseband-to-baseband channel seen by the spatial processing engines is
reciprocal, it is necessary to calibrate the STA radio to correct the differences in phase and amplitude
response in the transmit and receive chains.

The reciprocity of the over-the-air TDD MIMO channel can be expressed as a transpose relationship
between the channel response matrices associated with forward and reverse channels between two
STAs. Consider, for example, STA A and STA B, where we will refer to the channel over which STA A
transmits as the forward link, and the channel over which STA B transmits as the reverse link. Thus we
will define the following two gain matrices for the over-the-air channels (the over-the-air channel is the
complex baseband channel that would be realized if the transmitter and receiver responses have ideal
constant gain and zero phase across the channel bandwidth):

« H, .(¢): forward link gain matrix for subcarrier ¢

« H; ,(£): reverse link gain matrix for subcarrier £,

The reciprocal relationship between these two channels is expressed as:

H, ,(0)=H,;().

The observed channels, however, are effected by the amplitude and phase responses of the transmit and
receive chains. Assuming good isolation, these can be expressed as diagonal matrices with complex

valued diagonal entries, of the form C, . ({). The relationship between the observed channels,

H,_ ,(f) and H,_ ,(¢), and the over-the-air channel is
ﬁA—)B (£) =Cy . (OH 5 (£)C, 1, (£), and

Hy,,(0)=C, o (OH;,,(0)Cs.(0).

The resulting observed channels are not, in general, reciprocal. However, through a simpie channel
sounding procedure that involves an exchange of training sequences, correction vectors can be
calculated that are applied on transmit to restore reciprocity. The resulting calibration is quite stable and
needs to be updated infrequently, typically on association.

The object of the procedure is to compute correction vectors K ,(£) and K ;(¢) that restore reciprocity
such that

A, (0K, (0)=[H,,, 0K, (f)]‘ .

The correction vectors are applied on transmit in such a way that each element in the correction vector
scales the transmit vector element associated with a specific antenna. Given a modulation symbol vector,

s,(£), in subcarrier £ at STA A, and beamforming matrix V(£), then the transmitted vector in
subcarrier £ is given by x({) =K [ (H)V ,(£)s ,(£).
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Figure 70: Application of calibration correction vector on Tx

Correction vectors that will satisfy this relationship are given by:

K,(8)=(C,rn(®)) C\pl(®). and

K;(0) = (CB,Tx (f))_l C'B,Rx 4.

Calibration can also be applied on receive in a similar manner. Tx calibration only is addressed here.

For STAs that support only 20 MHz operation, calibration must be performed for subcarriers with indices
between -26 and 26, except for the subcarrier with index 0. For STAs supporting both 20 MHz and 40
MHz operation, calibration must be performed for subcarriers with indices between -58 and 58, except for
the subcarriers with indices -1, 0, and 1.

The calibration procedure is as follows:
1. STA A transmits a Calibration Training message, initiating the calibration procedure.

2, STA B transmits a Calibration Training message, which includes the HT-LTF that allows a receiving
STA A to estimate the channel matrices H,_, ,(£) .

3. STA A transmits a Calibration Training message, which includes the HT-LTF that allows STA B to
estimate the channel matrices H ,_, ,(£) .

a. The previous two steps must occur over a sufficiently short time interval that the channel
does not change over the interval.

4. STA A computes an estimate of H_, ,(£) based on the received HT-LTF.
5. STA B computes an estimate of H ,_, ;(¢) based on the received HT-LTF.

6. STA B sends the quantized estimates of H,_ .(£) to STA A using the Calibration Measurement

Message that contains the Channel Measurement Report.
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7. STA A uses the estimates of H,_ ,(£) and H,_ () to compute the correction vectors K ,(¥)
and K, (£).

8. STA A sends the quantized correction vectors K ,(¢) to STA B using the Calibration Correction

Vector Message that contains the Correction Vector element.

9. STA A and STA B now have correction vectors and are considered to be calibrated.

Once a STA has completed the calibration procedure, the correction vectors, K(£), are assumed to be
available at the STA's transmitter, and are incorporated into the transmit spatial processing procedure for
all subsequent communications.

This procedure needs to be performed only once for any STA that will participate in a beamforming
exchange with another STA. For example, once an AP performs this procedure with one STA, it is
calibrated and may participate in a beamforming exchange with any other calibrated STA. However, in
many networks, the AP will be the primary agent for calibrating client STAs. Thus a typical AP will
participate in many of these calibration procedures.

11.2.2.3.4.3 Calibration procedure for Beamforming Rx-only STAs

STAs that have no transmit beamforming capabilities, but that still are capable of receiving beamforming
transmissions, are referred to as Rx-only STAs. Such STAs must also participate in a calibration
procedure similar to that described above. However, it is not necessary for such a STA to apply the
calibration correction matrix on transmit. In this case, a STA A that wishes to transmit to a STA B using
beamforming, must initiate the calibration sequence described above, with the exception that it does not

execute step 8. Instead, STA A makes use of K (¢) to precondition its channel estimate for the
purposes of computing fransmit steering vectors. This may be achieved by right-multiplying STA A’s
estimate of H,_, ,(¢) by K ().

11.2.2.3.4.4 Calibration Processing

The MIMO calibration training sequence consists of N.,; = N, HT-LTFs. Each HT-LTF consists of an

800 ns guard interval followed by two periods of a 3.2 ps training symbol sequence, for a total duration of
7.2 ps. For details on the format of the HT-LTF, see section 11.2.1.3.4.

11.2.2.3.5 HT-Short Training Field in BF-MIMO mode

HT-STF is identical to basic MIMO case (refer to section 11.2.1.3.3). The HT-STF undergoes the same spatial
steering as the DATA.

11.2.2.3.6 HT-Long Training Field in BF-MIMO mode

HT-LTFs are identical to the basic MIMO case (refer to section 11.2.1.3.4). The HT-LTF undergoes the same spatial
steering as the DATA.

11.2.2.3.6.1 MCS field in BF-MIMO mode
MCS set for BF-MIMO is identical to that of basic MIMO, as described in section 11.2.1.4.2.2.
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11.2.2.3.7 Antenna streams / Transmitter architecture in BF-MIMO mode

The only difference in the transmitter architecture with respect to the basic MIMO mode is the introduction of the

spatial steering matrix, as shown in Figure 71:
Frequency 31— — iFFT
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= 48 dan tones
dama tones § 4 pilot
. N L pilot tones
H Ex
—p § g3
6 o &a
= 2 \FFT
Frequency E— BT N ; ]
Interleaver Constellation ;i g E ?; mnu“l:;():u\{:{z Insert GI RF
™ arossdt [ ] Mapper 2 | 2% ! oyt *) window | 7| BW ~ 17MHz
dam wnes 3 gt — 4 pilot tones
\FFT _T
% 64 tones in 20MHz
» Insert Gl » RF
| 2 :;z:l‘:l::‘::nu window BW ~ | TMHz
" 4 pilot tones

Figure 71: Transmitter architecture for TX Beamforming for Nss=2,and Ntx = 3

11.2.2.3.8 Puncturing of Coded Data in BF-MIMO mode

TX Beamforming uses the same puncturing pattern as the basic MIMO mode, described in 11.2.1.5.6.

11.2.2.3.9 MCS set in BF-MIMO mode

The MCS is identical for all spatials streams in basic TX beamforming, as is the case in the basic MIMO mode. The
MCS set is described in Table 26.
11.2.3 Advanced Transmit Beamforming (Optional Mode)

In our proposal, there are two class of BF-MIMO. The first one is basic BF-MIMO (as described in section 11.2.2).
When AP uses this mode, STA would receive a beamformed frame as a basic MIMO frame. No additional
functionality is required at the STA, except for the ability of the STA to send a sounding-PPDU and support
feedback calibration. An extension to the basic BF-MIMO mode is the advanced BF-MIMO mode, which includes
the following highlights:

¢ Unequal power among the spatial streams

¢ Independent MCS for each spatial stream

e Support for bi-directional beamforming

11.2.3.1 Required Capability for supporting of ABF-MIMO mode

In this mode, STA should support additional functionality to achieve better performance. These include:

e The receiving STA has to recognize a TRQ, and should be able to transmit a sounding PPDU as a response
to it. (Common to basic BF-MIMO)

Calibration support using MAC frame. (Common to basic BF-MIMO)
e Power level detection at each spatial stream to support unequal power loading

e  Supporting unequal MCS at different spatial stream
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¢ UD decomposition (or an equivalent method) to extract eigenvalues and eigenvectors of the channel matrix.
Eigenvalues are used to determine the MCS at the receiver to support pairwise spoofing, and/or link
adaptation. Eigenvectors in the U matrix allow bi-directional beamforming to be supported

11.2.3.1.1 Power Loading of spatial streams in ABF-MIMO

In ABF-MIMO, additional performance gain is possible if different power levels are applied to different spatial
streams. However, to decode the PPDU with different power levels on different spatial streams, the receiver
requires knowledge of these power ratios.

In the case of an ABF-PPDU, the values of the power level of each spatial stream can be varied as long as the total
output power is maintained constant. Mathematically this can be viewed as multiplying the data vector by an Ngg X
Nss diagonal matrix, P, where the eniries on the diagonal matrix are positive and the sum of the squares of the
diagonal entries is Ngs. In other words,

pi+D;+..+ Dy, =Ng (53)

After the scaling of power ratios, the beamforming matrix, V, is applied. The operation of power scaling and
beamforming is represented as,

J=V-P-% (54)

Transmitter should determine the power levels for each spatial siream based on the channel estimates obtained from
the sounding packet.

11.2.3.1.11 Unequal power loading (Informative)

In order to decode the received ABF-PPDU, the receiver must estimate the power ratios between the spatial streams,
which may not be equal to each other.

Once the streams of data have been separated at the receiver, the power ratios of the separated spatial streams can be
estimated by estimating the power ratios of the pilot tones. The spatial streams of data can then be scaled using the
estimate of the power ratios, derived from the power of the pilot tones.

11.2.3.1.1.2 Extended MCS set for ABF-MIMO mode

ABF-MIMO would use different modulation/coding scheme at each spatial stream. As a result, MCS fields in ABF-
MIMO mode have been extended, as shown in Table 29.

Table 29: Extended MCS set for ABF-MIMO

Stream ID vs Modulation&Coding Full GI Half GI

ID# Stream Rate in | Rate in | Rate in | Rate in

Count stream 1 stream 2 Stream 3 sream 4 | 00 e | 40MHz | 20MHz | 40MHz
33 1 256QAM, 3/4 N/A N/A N/A 72 162 80 180
34 2 QPSK, 3/4 BPSK, 1/2 N/A N/A 24 54 26.667 60
35 2 QPSK, 3/4 BPSK, 3/4 N/A N/A 27 60.75 30 67.5
36 2 16QAM, 1/2 | QPSK, 172 N/A N/A 36 81 40 90
37 2 16QAM, 3/4 | QPSK, 1/2 N/A N/A 48 108 53.333 120
38 2 16QAM, 3/4 | QPSK, 3/4 N/A N/A 54 121.5 60 135
39 2 64QAM, 2/3 | BPSK, 172 N/A N/A 54 121.5 60 135
40 2 64QAM, 3/4 | QPSK, 3/4 N/A N/A 72 162 80 180
41 2 64QAM, 2/3 | 16QAM, 112 N/A N/A 72 162 80 180
42 2 256QAM, 3/4 | 16QAM, 112 N/A N/A 96 216 106.67 240
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43 2 256QAM, 3/4 | 16QAM, 3/4 N/A N/A 108 243 120 270
44 2 256QAM, 3/4 |256QAM, 3/4 N/A N/A 144 324 160 360
45 3 16QAM, 3/4 | 16QAM, 12| QPSK, 172 N/A 72 162 80 180
46 3 64QAM, 2/3 | QPSK, 3/4 | BPSK, 112 N/A 72 162 30 180
47 3 64QAM, 3/4 | 16QAM, 1/2| QPSK 3/4 N/A 96 216 106.67 240
48 3 64QAM, 3/4 | 16QAM, 3/4 [ QPSK, 3/4 N/A 108 243 120 270
49 3 64QAM, 3/4 | 64QAM, 2/3 | BPSK, 112 N/A 108 243 120 270
50 3 64QAM, 3/4 | 64QAM, 3/4 | 16QAM, 3/4 N/A 144 324 160 360
51 3 256QAM, 3/4 | 64QAM, 2/3 | 16QAM, 12 N/A 144 324 160 360
52 3 256QAM, 3/4 | 64QAM, 3/4 | QPSK 3/4 N/A 144 324 160 360
53 3 256QAM, 3/4 | 64QAM, 3/4 | 16QAM, 3/4 N/A 162 364.5 180 405
54 3 256QAM, 3/4 [256QAM, 3/4| QPSK 3/4 N/A 162 364.5 180 405
55 3 256QAM, 3/4 [256QAM, 3/4| 64QAM, 2/3 N/A 192 432 | 213.33 480
56 4 64QAM, 2/3 | 16QAM, 3/4 [ BPSK, 172 | BPSK, 12 926 216 106.67 240
57 4 64QAM, 3/4 | 64QAM, 3/4 [ 16QAM, 1/2 | QPSK, 172 144 324 160 360
58 4 256QAM, 3/4 | 64QAM, 3/4 | 64QAM, 2/3 | QPSK, 3/4 192 432 | 21333 480
59 4 256QAM, 3/4 | 64QAM, 3/4 | 64QAM, 3/4 | QPSK, 1/2 192 432 21333 480
60 4 256QAM, 3/4 [256QAM, 3/4| 16QAM, 3/4 | QPSK, 1/2 192 432 21333 480
61 4 256QAM, 3/4 |256QAM, 3/4| 64QAM, 2/3 | 16QAM, 12| 216 486 240 540
62 4 256QAM, 3/4 [256QAM, 3/4| 64QAM, 3/4 | QPSK, 3/4 216 486 240 540
63 | reserved reserved reserved reserved reserved

11.2.3.2 Transmitter Architecture in ABF-MIMO mode

The transmitter architecture for the ABF-MIMO mode includes the provision for independent MCS for each spatial
stream. The Transmit datapath architecture is shown in Figure 72:
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Figure 72: Transmit Datapath Architecture for ABF-MIMO mode

11.2.3.2.1 Subcarrier Modulation Mapping in ABF-MIMO mode

256QAM is introduced in the ABF-MIMO mode. The normalization factor Kygp for 256QAM is 1/ 170 . For

256-QAM, bgb,b,b; determines the I value and bsbsbgb, determines the Q value, as illustrated in Table 30. The
constellation mapping for 256QAM is as follows.

Table 30: Constellation Mapping for 256-QAM in ABF-MIMO Mode

Input bits bgb;bybs I-out Input bits bsbsbsb, Q-out
0000 -15 0000 -15
0001 -13 0001 -13
0011 -11 0011 -11
0010 -9 0010 -9
0110 -7 0110 -7
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0111 -5 0i11 -3
0101 -3 0101 -3
0100 -1 0100 -1
1100 1 1100 1
1101 3 1101 3
1111 5 1111 5
1110 7 1110 7
i010 9 1010 9
1011 11 1011 i1
1001 13 1001 13
1000 15 1000 15

11.2.3.2.2 Spatial Parsing with Unequal Puncturing Rates

Puncturing is performed after parsing, as shown in Figure 72 (which is different from basic BF-MIMO, as shown in
Figure 71). Parsing is done in cycles. During each cycle, a block of coded bits is parsed to each spatial stream. These
blocks are taken to be integer multiples of the puncture cycle of the code; that is, for a rate n/(n+1) puncturing, the
puncture cycle is n trellis stages, or 2n un-coded bits (the mother code is rate %). Parameters of the parser are
selected to yield the smallest parsing cycle length, hence ensure good mixing of spatial streams within the constraint
length of the code.

11.2.4 Low-Density Parity-Check Coding (Optional Mode)

Optional Low-Density Parity-Check (LDPC) coding may be used with all MCS's from Table 26. Utilization of
LDPC codes with the optional advanced transmit beamforming (clause 11.2.3) is TBD. When encoding specified in
this clause is applied, convolutional encoder and associated puncturing and padding shall not be used.

11.2.4.1 Code Rates and Codeword Lengths

Code rate (R) of the LDPC code may be selected from the set of code rates defined for mandatory convolutional
codes (1/2, 2/3, 3/4 and 7/8 ). One of two codeword sizes is used to encode packets of length specified by HT-
LENGTH parameter. Codeword size in bits, N, may be 576 or 1728, depending on the value of HT-LENGTH
parameter, as follows:

If HT-LENGTH > 226 bytes, N = 1728 bits, otherwise N= 576 bits.

11.2.4.2 PPDU Encoding using LDPC Codes

This subclause, which specifies the LDPC encoding, replaces corresponding procedure defined for mandatory
convolutional codes.

LDPC codes are block codes that are specified by the parity check matrix of size MxN , which defines an LDPC
block code (N,K), where K is the information block size in bits, N is the length of the codeword, and M is the
number of parity check bits, M=N-K. Code rate is defined as R=K/N. The general characteristic of an LDPC parity
check matrix is a low density of non-zero elements (1’s in this case), which allows utilization of efficient decoding
algorithms. LDPC parity check matrix is designed in a way that enables simple encoding as well. It can be
represented in the following form:

H=[H’|H"]
H‘ is an MxK matrix and corresponds to the “data” bits of the codeword. The design of this matrix ensures high
coding gain. HP is an MxM modified “dual diagonal” matrix, which corresponds to the “parity” bits of the

codeword. LDPC codes applied here are systematic and canonic block codes. Codewords have the following
structure:
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T . .
where d = [d0 ,dl ,...,dt_l] is the block of (uncoded) data bits and p = [po 3D, s D
A codeword is any binary N-vector c that satisfies:

]T are the parity bits.

M-l

Hc=H‘d+H?p=0.

Since the information packet size may not in general be a multiple of number of information bits per codeword,
procedure for encoding is defined in this subclause. The encoding procedure uses the following parameters as input:

HT-LENGTH - the number of information octets to encode and ransmit using selected MCS
MCS - modulation type and code rate set

Based on the MCS, following two parameters are derived first;

Negps = Nppsc* Nsp*Nss, number of coded bits per OFDM symbol
Npses = Ncgps* R, number of information bits per OFDM symbol

where: Nppgc is the number of coded bits per sub-carrier, Ngp is the number of data sub-carriers, and Ngg is the
number of spatial streams.

Both shortening (reduction of number of bits in the information portion of the codeword) and puncturing (reduction
of number of bits in the parity portion of the codeword) may be applied in order to ensure minimum overhead
without degrading performance. If Npgps is above a pre defined threshold, only shortening is used. The procedure
for encoding Ninro_sits = HT-LENGTH*8 consists of the following steps:

a) Encoding parameters computation

Determine the number of codewords, Ncworps, to transmit. For each of the codewords of length N <N determine
amount of the information bits to encode, K,;<K, as well as the number of parity check bits to be transmitted, M,<M
(M=N,-K,). This, in turn, determines by how many bits to shorten information portion of the codeword (number of
zeros to pad the information field), Npap cw, as well as how many bits to puncture (remove bits from the parity
portion of the codeward), Npyncture cw- In some cases it may be required that the last codeword has different
number of data and parity bits, K,_,_A_ST and M_past , Tespectively, (and consequently Npap_cw_rast and Neynerure-
_cw_Last) than the other codewords.

Norpm = ceilingNivro_prrs Noses) + 1

Neworos = ceiling(Norpm*Neaps/N)

N; = floor(Noepm*Neses/ Neworns)

K, = ceiling(Nmro_sits/ Ncworps)

NPAD_CW =K-K,

Nruncrure_cw = max(0,(N-Ni- Npap_cw))

if Neworos > 1
Ki_rast = Nivro_sits - Ki*(Neworps-1)
Npeap_cw_rast =K - Ki_past
Ny _rast = Norom*Neaes - Ni*(Neworns-1)
Npuncrure_cw_tast = max(0,(N-N;_past Npap cw Last))

end

else

Ncworps = ceiling(Npro_sits /K)

K, = ceiling(Nuvro_pirs/ Ncworps)

Npapew =K -K,

if Neworps > 1
Ki_tast = Nvro_srrs - Ki*(Neworps-1)
Npap_cw_tast =K - Ky tast

end
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end

b) Last OFDM symbo! padding field parameter computation

If the total number of coded bits, Ncopep_sits_toraL, doesn't fit integer number of OFDM symbols, then additional
padding (scrambled zeros) bits are added to the last OFDM symbol. Number of those bits, Npap orpm LasT, IS
computed as follows: i B

if remainder(Neopep_sits_torar.Neses) > 0
Npap_orpum_tast = Nepps - remainder(Neopep sirs_toraL.Neses)

where Ncopep_sits_toraL is computed as follows:

if Neworps > 1

Ncooep_pits_totaL = N1*(Neworps=1) + Ny_ast
else

Ncopep_pits_toraL = Ni*Neworos
end

Npap_orom_rast zeros are appended to Nivro_srrs from the input data buffer and passed to the scrambler.

¢) LDPC encoding

Generate all Ncworps codewords by applying any of the encoding methods, such that He; = 0, where i=0, 1, ...,
Neworps-1 with shortening and puncturing as necessary. H is the parity check matrix for the selected codeword size
and code rate. Only one H matrix is used for the entire packet. The information vector for the i-th codeword to be
encoded is formed by concatenating K, scrambled information bits and Npap cw =K - K; zeros:

, o - Neap_cw .
d’ =[d;,d:,...,d;l_l,0,0,...,O]

K

After the encoding, obtained codeword is punctured (if necessary) by removing the last Npyncrure_cw parity bits:
Neap_cw Nouncrure _cw

¢ =[d,d,..d,_,00,..0p,,p,..p, ,P, D, D, T

K M
Zeros used for padding data part and punctured bits are not transmitted over the air. Rather, a concatenation of K
data bits and M, parity bits is transmitted only:

i
M|+| 3

i i i i i i qr
Coransmic = [do’d, ""’d,gl-| ’po’pl""’pm-l]
v - ~ 4

& M,

d) Codeword and the last OFDM symbol padding field concatenation
Concatenate Ncworps codewords and Npap_orom_Last padding bits (denoted as q's below) to form a vector of bits to -
be transmitted:

pNowm'

Newoaps -1 Neworns =1 Newanps =1
d e d \ P, o gl

140 0o 0 0 i T
T ,...,dKH 2Py Py oo .d, o +Gorees qu_om.m_l]

Bit d, is ransmitted first.

11.2.4.3 Parity Check Matrices

Parity check matrices H used in Step c) of the encoding procedure, described in sub-clause 11.2.4.2, are derived
from one of the "base" parity check matrices, H, specified below. One base matrix is defined per code rate. Size of
a base parity check matrix is denoted as M,xNy. Ny, the number of columns in the base matrix, is fixed for all code
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1 rates, Ny=24. M,, the number of rows in the base matrix, depends on the code rate as follows: My= Ny(1-R). Parity
2 check matrix H of size MxN is generated by expanding the base matrix for the selected rate, H, z-times:
3 Z=N/Ny=M/M,,. The expansion operation is defined by element values of the base matrix. Each non-negative base
4 matrix element, s, is replaced by a zxz identity matrix, I, cyclically shifted to the right s'=spoq,) times. Each
5 negative number (-1) in the base matrix is replaced by a zxz zero matrix, 0,. For the codeword of size 576 bits, z =
6 24 and for the codeword of size 1728 bits, z=72.
2
8 Base matrices specification
9
10 Rate 1/2: MyxN, = 12x24
11
6 0 -1 0 -1 0 -1 -1 -1 0 -1 -1 L 0 =1 -1 =1 -1 =1 -1 -1 -1 -1 -1
29 -1 0 2 -1 -1 ¢ -1 0 -1 -1 -1 -1 ©0 0 -1 -i -1 -1 -1 -1 -1 -1 -1
-1 -1 -1 21 0 -1 17 -1 -1 38 -1 0 -1 -1 0 0 -1 -1 =1 -1 -1 =1 -1 -1
43 -t -1 30 -1 -1 -1 0 -1 41 0 -1 -1 -1 -1 0 0 -1 -1 -1 -1 -1 =1 =-1
5§ -1 1 -1 -1 20 35 -1 -1 2 -1 -1 -1 -1 -1 =1 0 0 -1 -1 -1 =1 -1 -1
-1 46 -1 -1 -1 -1 22 -1 40 8 -1 -1 0 ~-L -1 =1 =1 0 O -1 -1 -1 -1 -1
-1 -1 -1 9 -1 -1 18 13 -1 35 -1 27 -1 -1 -1 -1 -1 -1 0 0 -1 -1 -1 -1
2 -1 44 -1 -1 -1 27 -1 -1 25 18 -1 -1 -1 =1 -1 -1 -1 -1 06 0 -1 -1 -1
33 35 -1 29 -1 -1 1 -1 -1 -1 -1 30 -1 -1 -1 -1 -1 -1 -1 -1 0 0 -1 -1
-1 -1 -1 4 4 -1 -1 -1 15 17 -1 -1 =1 -1 -1 =1 -1 -1 -1 -1 -1 0 ©0 -1
5 -1 -1 19 -1 14 -1 -1 -1 -1 11 -1 -1 -1 =1 =1 -1 -1 -1 -1 -1 -1 0 0
0 -1 -1 -1 21 -1 18 8§ -1 -1 -1 -1 1 -1 -1 =1 -1 =1 -1 -1 -1 -1 -1 0
12
13

14 Rate 2/3: MpxN, = 8x24

68 -1 -1 24 -1 -1 64 -1 2 -1 11 -1 -1 43 -1
-1 14 57 -1 -1 66 -1 -1 32 -1 13 -1 55 -1 &7

w
-
=1
1
-

-1 -1 -1 -1 -1
0 0 -1 -1 -1 -1 -1

-1 4 -1 -1 20 -1 19 -1 -1 44 -1 19 -1 30 18 =1 =1 ~1 0 0 -1 -1 -1 =~i
-1 -1 26 -1 10 21 -1 -1 -1 -1 56 54 54 -1 -1 37 -1 -1 -1 0 0 -1 -1 -1
19 -1 -1 -1 31 -1 -1 50 27 -1 -1 40 =1 4 -1 =1 0 -1 -1 =1 0 0 =1 =1
-1 -1 37 18 -1 -1 -1 41 -1 6 -1 -1 2 -i 50 5 -1 -1 -1 -1 -1 0 0 -1
67 -1 -1 -1 -1 4 68 -1 -1 69 -1 34 -1 40 -1 61 -1 -1 -1 -1 -1 -1 0 0
-1 45 -1 26 -1 -1 -1 16 -1 35 26 -1 5 -1 68 =1 1 =1 =1 =1 =1 -1 -1 0
15
16 Rate 3/4: MpxN,, = 6x24
0 23 -1 -1 O 47 53 1 -1 5 -1 13 66 34 -1 62 65 -1 1 0 -1 -1 -1 -1

14 57 7 11 -1 -1 69 -1 25 34 -1 25 13 -1 19 70 -1 35 -1 o] 0 -1 -1 -1
59 3 -1 18 -1 43 48 58 -1 29 -1 54 49 -1 25 0 66 -1 -1 -1 0 ¢ -1 -1
15 1 2 -1 -1 39 19 -1 37 64 52 -1 28 4 -1 21 20 -1 ¢ -1 -1 0 0o -1
22 64 -1 48 60 -1 36 -1 15 62 68 -1 46 55 -1 41 -1 7 -1 -1 -1 -1 0 0
63 36 57 -1 55 -1 41 34 -1 45 45 -1 8 -1 37 44 -1 15 1 -1 -1 -1 -1 Q

17

18 Rate 7/8: MpxN, = 3x24

19
34 61 67 67 12 35 62 61 37 18 51 23 22 31 67 32 7 63 67 14 57 1 0 -1
1 62 14 71 17 42 50 39 33 27 43 33 15 10 61 38 S3 53 16 70 46 0 0 0
8 65 3¢ 8 9 30 63 57 24 0 45 31 49 24 42 66 40 70 0 28 69 1 -1 O

20

21 {END)

22
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