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1 Introduction
This document specifies those features of a device that are necessary to achieve interoperability.  It specifies the signals that may be transmitted by the device and received by the device's receivers.  This device is referred to as an HT (High Throughput) device.

The HT device is assumed to be compliant with 802.11a/b/g/j standards. This document describes the extensions needed in the physical layer for high throughput transmission.  
2 PHY Interface
The PHY interfaces to the MAC through the TX vector and the RX vector.  The TX vector supplies the PHY with per-packet 
 TX parameters.  Using the RX vector, the PHY informs the MAC of the received packet parameters.  The specification of this interface is outside the scope of this document.
3 PLCP packet format
Two new formats are defined for the PLCP (PHY Layer Convergence Protocol):  Mixed mode and Green Field. These two formats are called HT formats.  Figure 1 shows the legacy format and the HT formats.  In addition to the HT formats, there is a legacy duplicate format (specified in section ‎4.8) that duplicates the 20MHz legacy packet in two 20MHz halves of a 40MHz channel.
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Figure 1- PLCP packet format

The elements of the PCLP packet are:

L-STF: Legacy Short Training Field
L-LTF: Legacy Long Training Field
L-SIG: Legacy Signal Field

HT-SIG: High Throughput Signal Field

HT-STF: High Throughput Short Training Field
HT-LTF1:  First High Throughput Long Training Field

HT-LTF's: Additional High Throughput Long Training Fields
Data – The data field includes the PSDU (PHY sub-layer Service Data Unit)
The HT-SIG, HT-STF and HT-LTF's exist only in HT packets.  In legacy and legacy duplicate formats only the L-STF, L-LTF, L-SIG and Data fields exist.

3.1 Operating Mode

The PHY will operate in one of 3 modes – 

· Legacy Mode – in this mode packets are transmitted in the legacy 802.11a/g format.
· Mixed Mode – in this mode packets are transmitted with a preamble compatible with the legacy 802.11a/g – the legacy Short Training Field (STF), the legacy Long Training Field (LTF) and the legacy signal field are transmitted so they can be decoded by legacy 802.11a/g devices.  The rest of the packet has a new format.  In this mode the receiver shall be able to decode both the Mixed Mode packets and legacy packets.
· Green Field – in this mode high throughput packets are transmitted without a legacy compatible part. This mode is optional. In this mode the receiver shall be able to decode both Green Field mode packets, Mixed Mode packets and legacy format packets.  An HT device which does not support the reception of a GF packet shall be able to detect that GF transmissions are HT transmissions (as opposed to legacy transmissions) and treat them as HT packets with a failing HT-SIG CRC.
The operation of PHY in the frequency domain is divided to the following modes:
· LM – Legacy Mode – equivalent to 802.11a/g

· HT-Mode – In HT mode the device operates in either 40MHz bandwidth or 20MHz bandwidth and with one to four spatial streams. This mode includes the HT-duplicate mode.
· Duplicate Legacy Mode – in this mode the device operates in a 40MHz channel composed of two adjacent 20MHz channel.  The packets to be sent are in the legacy 11a format in each of the 20MHz channels.  To reduce the PAPR the upper channel (higher frequency) is rotated by 90º relative to the lower channel.
· 40 MHz Upper Mode – used to transmit a legacy or HT packet in the upper 20MHz channel of a 40MHz channel. 
40 MHz Lower Mode – used to transmit a legacy or HT packet in the lower 20MHz channel of a 40MHz channel
LM is mandatory and HT-Mode for 1 and 2 spatial streams at 20MHz are mandatory at the AP.  LM is mandatory and HT-Mode for 1 spatial stream at 20MHz is mandatory for non-AP STAs.
3.2 Modulation and Coding Scheme (MCS)

The Modulation and Coding Scheme (MCS) is a value that determines the modulation, coding and number of spatial channels.  It is a compact representation that is carried in the high throughput signal field.

Rate dependent parameters for the full set of modulation and coding schemes (MCS) are shown in Appendix A in Tables A-1 through A-15. These tables give rate dependent parameters for MCSs with indices 0 through 76.  MCS indices 77-127 are reserved.

MCS Tables A-1 through A-4 show rate-dependent parameters for equal-modulation MCSs in one, two, three, and four streams for 20 MHz operation.  Tables A-5 through A-8 show rate-dependent parameters for equal-modulation MCSs in one, two, three, and four streams for 40 MHz operation.  The same equal modulation MCSs are used for 20 MHz and 40 MHz operation.  Table A-9 shows rate-dependent parameters for the 40 MHz, 6 Mbps HT duplicate mode.  

The remaining Tables, 10 through 15, show rate-dependent parameters for the MCSs with unequal modulation for use with TxBF and unbalanced STBC modes including the N_SS=2, N_STS=3 case, and N_SS=3, N_STS=4 case as specified in Table 15.  Tables A-10 through A-12 are for 20 MHz operation.  Tables A-13 through A-15 are for 40 MHz operation.  The same unequal modulation MCSs are used in 20 MHz and 40 MHz operation.

MCS 0 through 15 are mandatory in 20 MHz with 800 nsec guard interval at an AP STA.  MCS 0 through 7 are mandatory in 20MHz with 800ns guard interval at all STAs.  All other MCSs and modes are optional, specifically including Tx and Rx support of 400 nsec guard interval, operation in 40 MHz, and support of MCSs with indices 16 through 76. The parameters in the table are:

· Rate: Coding Rate 
· NSS: Number of Spatial Streams

· NSD: Number of Data Subcarriers
· NSP:  Number of pilot subcarriers

· NBPSC:  Number of coded bits per subcarrier per spatial stream

· NCBPS: Number of Code Bits Per OFDM Symbol (total of all spatial streams)
· NDBPS:  Number of data bits per MIMO-OFDM symbol

· NTBPS:  Total number of coded bits per subcarrier

3.3 Transmitter Block Diagram (this section is informative)
The transmitter is composed of the following blocks:

· Scrambler – scrambles the data to prevent long sequences of zeros or ones – see section ‎4.2.

· Encoder Parser – de-multiplexes the scrambled bits among NES FEC encoders, in a round robin manner.
· FEC encoders – encodes the data to enable error correction – an FEC encoder may include a binary convolutional encoder followed by a puncturing device, or an LDPC encoder

· Stream Parser – divides the output of the encoders into blocks that will be sent to different interleaver and mapping devices.  The sequences of the bits sent to the interleaver are called spatial streams.

· Interleaver – interleaves the bits of each spatial stream (changes order of bits) to prevent long sequences of noisy bits from entering the FEC decoder.

· QAM mapping – maps the sequence of bit in each spatial stream to constellation points (complex numbers).  

· Spatial Mapping – maps spatial streams to different transmit chains. This may include one of the following: 

· Direct mapping – each sequence of constellation points is sent to a different transmit chain.

· Spatial expansion – each vector of constellation points from all the sequences is multiplied by a matrix to produce the input to the transmit chains.

· Space Time Block coding – constellation points from one spatial stream are spread into two spatial streams using a space time block code.
· Beam Forming - similar to spatial expansion: each vector of constellation points from all the sequences is multiplied by a matrix of steering vectors to produce the input to the transmit chains.
· Inverse Fast Fourier Transform – converts a block of constellation points to a time domain block.

· Cyclic shift insertion – inserts the cyclic shift into the time domain block.  In the case that spatial expansion is applied that increases the number of transmit chains, the cyclic shift may be applied in the frequency domain as part of spatial expansion.
· Guard interval insertion – inserts the guard interval.

· Optional windowing – smoothing the edges of each symbol to increase spectral decay
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Figure 2 - Transmitter block diagram

Figure 2 shows a block diagram of the transmitter.  Different implementation are possible as long as they are mathematically equivalent.

3.4 Mathematical description of signals

For the description of the convention on mathematical description of signals see section 17.3.2.4 of ‎[1]
In the case of a legacy mode and HT mode transmission over a 20MHz channel, the channel is divided into 64 sub-carriers.  In the legacy mode, signal is transmitted on sub-carriers -26 to -1 and 1 to 26, with 0 being the center (DC) carrier.  In the HT modes signal is transmitted on sub-carriers -28 to -1 and 1 to 28.
In the case of a 40MHz HT transmission, two adjacent 20MHz channels are used.  The channel is divided into 128 sub-carriers.  Signal is transmitted on sub-carriers -58 to -2 and 2 to 58.
In the case of the legacy duplicate mode over 40MHz, the same data are transmitted over two adjacent 20MHz channels.  In this case the 40MHz channel is divided into 128 sub-carriers and the data are transmitted on carriers -58 to -6 and 6 to 58.
Table 1 - Timing related constants
	Parameter
	Value in legacy 20MHz channel
	Value in  20MHz HT channel
	Value in 40MHz channel 

	
	
	
	HT format
	Legacy Duplicate

	NSD: Number of data subcarriers
	48
	52
	108
	48


	NSP: Number of pilot subcarriers
	4
	4
	6
	41

	NST: Total Number of subcarriers 
	52
	56
	114

	NSR: Number of subcarriers occupying half of the overall BW
	26
	28
	58
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: subcarrier frequency spacing
	312.5kHz (20MHz/64)
	312.5kHz
	312.5kHz (40MHz/128)

	TFFT: IFFT/FFT period
	3.2µsec
	3.2µsec
	3.2µsec

	TGI: Guard Interval length
	0.8µsec= TFFT/4
	0.8µsec
	0.8µsec

	TGI2: Double GI
	1.6µsec
	1.6µsec
	1.6µsec

	TGIS: Short Guard Interval length
	0.4µsec= TFFT/8
	0.4µsec
	0.4µsec

	TL-STF: Legacy Short training sequence length
	8µsec=10× TFFT/4
	8µsec
	8µsec

	TL-LTF: Legacy Long training sequence length
	8µsec=2× TFFT+TGI2
	8µsec
	8µsec

	TSYM: Symbol Interval
	4µsec= TFFT+TGI
	4µsec
	4µsec

	TSYMS: Short GI Symbol Interval
	3.6µsec= TFFT+TGIS
	3.6µsec
	3.6µsec

	TL-SIG
	4µsec= TSYM
	4µsec
	4µsec

	THT-SIG
	NA
	8µsec= 2TSYM
	8µsec

	THT-STF: HT STF time
	NA
	4µsec
	4µsec

	THT-LTF1: HT first long training field length
	NA
	4µsec in mixed mode, 8usec in green field 
	4µsec in mixed mode, 8usec in green field

	THT-LTFs: HT second, and subsequent, long training fields length
	NA
	4µsec
	4µsec


Table 2 - frequently used parameters
	Symbol
	Explanation
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	Number of coded bits per symbol
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	Number of coded bits per symbol per spatial stream
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	Number of data bits per symbol
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	Number of coded bits per single carrier
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	Number of space time streams
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	Number of spatial streams
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	Number of extension spatial streams
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	Number of transmit chains.
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	Number of FEC encoders
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	Number of HT long training fields


The transmitted signal is described in a complex base-band signal notation. The actual transmitted signal is related to the complex signal by the following relation:
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where
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represents the real part of a complex variable;
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denotes the center frequency of the carrier.

The transmitted baseband signal consists of several fields.  The timing boundaries for the various fields are shown in Figure 3.
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Figure 3:  Timing boundaries for PPDU Fields

The time offsets 
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 determines the starting time of the corresponding field.
In Mixed mode, the signal transmitted on transmit chain 
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where
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and
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In the case of Green Field mode the transmitted signal on transmit chain 
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 is:
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where
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and
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Each baseband waveform 
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 is defined via the discrete Fourier transform as
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This general representation holds for all fields.  The definition of 
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 is given in section 17.3.2.4 of ‎[1].  The frequency domain symbols 
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 define the field, as shall be specified in the following subsections.  


The 
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 scale factor in 
(12)

 ensures that the total power of the time domain signal as summed over all transmit chains is either 1 or lower than 1 when required.  The following table summarizes the various values of GOTOBUTTON ZEqnNum311291  \* MERGEFORMAT :
	Field
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	20 MHz
	40 MHz

	L-STF
	12
	24

	L-LTF
	52
	104

	L-SIG
	52
	104

	HT-SIG
	52/56*
	104/114*

	HT-STF
	12
	24

	HT-LTF
	56
	114

	HT-Data
	56
	114

	HT-Data- 40 MHz Dup. Format
	-
	104

	Notes:

*56 and 114 are for green field mode, 52 and 104 are for mixed mode.  
The numbers in the table refer only to the value of 
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 as it appears in equation (12)

 and in subsequent specification of various fields.  It may be different from the actual number of tones being transmitted.


Table 3 - number of tones in each field
3.4.1 Transmission in the upper/lower 20MHz of a 40MHz channel

When transmitting in the upper/lower 20MHz portion of a 40MHz channel, the mathematical definition of transmission shall follow that of a 20MHz channel with 
[image: image42.wmf]c

f

 in equation 
(1)

 replaced by GOTOBUTTON ZEqnNum854835  \* MERGEFORMAT .

3.5 Legacy Field Transmission
The following section describes the transmission of the legacy training field and the legacy signal field as part of a mixed mode packet.
3.5.1 Cyclic shift definition for the legacy fields.  

In the rest of the document cyclic shift is used to prevent unintentional beamforming when the same signal or similar signals are transmitted through different spatial streams.   A cyclic shift of length 
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 on a signal 
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 and with 
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 when 
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. Cylic shift is applied to each OFDM symbol in the packet separately.  The following table specifies the values for the cyclic shift that is applied in the legacy short training field (in a MM packet), the legacy long training field, and legacy signal field.  It also applies to the HT signal field in a mixed mode packet.  
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 values for the legacy portion of the packet

	Number of Tx Chains
	cyclic shift for Tx chain 1
	cyclic shift for Tx chain 2
	cyclic shift for Tx chain 3
	cyclic shift for Tx chain 4

	1
	0ns
	-
	-
	-

	2
	0ns
	-200ns
	-
	-

	3
	0ns
	-100ns
	-200ns
	-

	4
	0ns
	-50ns
	-100ns
	-150ns


Table 4 - Cyclic shift for legacy portion of the packet
3.5.2 Legacy Short Training Field

The L-STF is identical to the 802.11a short training symbol. The legacy short training OFDM symbol in the 20MHz mode is
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The normalization factor 
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 is the QPSK normalization.

The legacy short training OFDM symbol in 40MHz mode is based on:
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The tones in the upper sub-channel (sub-carriers 6-58) are phase rotated by +90º.  The 90o rotation helps keep the PAPR of the STF in 40MHz comparable to that in 20MHz.

In mixed mode the L-STF on the 
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In green field the L-STF on the 
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 transmit chain is
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In the case of Mixed Mode operation 
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 takes values from Table 4.  In the case of Green Field operation 
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takes values from Table 6.  The value of 
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is 1 for 20MHz and 
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 in 40MHz.  
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 is defined in section ‎4.7.1.  The L-STF has a period of 0.8 µs.  The entire short training field includes ten such periods, with a total duration of 
[image: image65.wmf]LSTF

T

-

 = 8 µs. 

3.5.3 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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The legacy long training OFDM signal in the 40MHz mode is based on:
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The tones in the upper sub-channel (sub-carriers 6-58) are phase rotated by +90º (see equation (19)

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

The L-LTF waveform is



[image: image68.wmf](

)

(

)

(

)

(

)

(

)

(

)

(

)

0

2

2

1

1

exp2

exp2

TX

LLTF

TX

SR

SR

TX

i

LLTFT

Tone

TXLLTF

i

kFGICS

kN

N

i

kFGICS

k

rtwt

NN

LjktTT

LjktTT

p

p

-

-

-

=-

=

=×

×

æ

D--+

ç

ç

è

ö

¡D--

÷

ø

å

å


 MACROBUTTON MTPlaceRef \* MERGEFORMAT (19)

where 
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 = 1.6 ( sec.  The value of 
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is 1 for 20MHz and 
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 in 40MHz.  
3.5.4 The Legacy Signal Field

The signal field is used to transfer rate and length information.  It has different meaning when used in legacy transmission and when used in a non legacy transmission.   When transmitted in a legacy 20MHz mode, it is transmitted using the same method and meaning as specified in section 17.3.4 of the IEEE 802.11a standard ‎[1].  
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Figure 4 - The signal field
When the transmission is not a legacy transmission the fields in the signal field have different meaning.  The bits in the rate field are [1,1,0,1] – corresponding to a rate of 6Mbps in legacy representation.  The value in the length field is given through the TX vector.  This value is used to spoof legacy devices to defer transmission for a period of corresponding to the length of the rest of the packet.    When L-SIG TXOP Protection is not used (see “L-SIG TXOP Protection” section of the MAC spec), the value to be transmitted is 
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  where Ndata is the number of 4usec symbols in the data part of the packet.  While using short GI Ndata  is equal to the actual number of  symbols in the data part of the packet multiplied by
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.NLTF is the number of HT training symbols. The symbol 
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 denotes the lowest integer greater or equal to x.  

When L-SIG TXOP Protection is used the value of  l is defined in the “L-SIG TXOP Protection” section of the MAC spec.   
If the Length field of the HT-SIG (see Table 7) is set to zero 
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 shall be set zero in the formula for calculating l.
The length field is transmitted LSB first.

The reserved bit shall be set to 0.

The parity field has the even parity of bits 0-16.

The signal field shall be encoded, interleaved and mapped, and have pilots inserted following the steps described in sections 17.3.5.5, 17.3.5.6, 17.3.5.8 of the IEEE802.11a standard ‎[1].  The stream of 48, complex numbers generated by these steps is 
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.  The conversion of these into a time domain signal is described in the following table
Table 5 - generation of the signal field
	Modulation Method
	Conversion to Time Domain signal

	20MHz transmission on several transmit chains – iTX’th tx chain
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	40MHz transmission on several transmit chains – iTX’th Tx chain.
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are defined in section 17.3.5.9 of the 802.11a standard ‎[1].
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 is the first pilot value in the sequence defined in section 17.3.5.9 of the 802.11a standard ‎[1].
3.6 The High Throughput Preamble

The high throughput preamble consists of the HT signal field, the HT short training field and the HT long training fields.  

3.6.1 Cyclic shift for the High Throughput preamble

Throughout the high throughput preamble, cyclic shift is applied to prevent beamforming when similar signals are transmitted in different spatial streams.  The same cyclic shift is applied to these streams during the transmission of the data portion of the packet.  The values of the cyclic shift to be used during the HT preamble and the data portion of the packet (except the HT-SIG in a MM packet), are specified in Table 6:
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 values for HT portion of the packet

	Number of spatial streams
	Cyclic shift for Spatial stream 1
	Cyclic shift for spatial stream 2
	Cyclic shift for spatial stream 3
	Cyclic shift for spatial stream 4

	1
	0ns
	-
	-
	-

	2
	0ns
	-400ns
	-
	-

	3
	0ns
	-400ns
	-200ns
	-

	4
	0ns
	-400ns
	-200ns
	-600ns


Table 6 – Cyclic shift values of HT portion of the packet

3.6.2 The High Throughput Signal Field

The high throughput signal field is used to carry information required to interpret the HT packet formats.  The high throughput signal field (HT_SIG) includes the following fields:
Table 7 - Fields of High Throughput Signal Field

	Field Name
	Num of Bits
	Explanation and coding

	Modulation and Coding Scheme
	7
	Index into The MCS table,

LSB first

	BW 20/40
	1
	0 if 20MHz or 40 MHz upper/lower; 1 if 40MHz

	Length
	16
	The number of bytes of data in the PSDU –

0*-65535

	Smoothing
	1
	1 – channel estimate smoothing is allowed 

0 – Only per-carrier independent (unsmoothed) channel estimate is recommanded.

	Not Sounding
	1
	Indicates that the packet is a sounding packet.

0 –Sounding Packet

1 – Not a sounding packet

	reserved one
	1
	set to 1

	Aggregation
	1
	Set to 1 to indicate that the PPDU in the data portion of the packet contains an A-MPDU.  Set to 0 otherwise

	STBC
	2
	Indicates the difference between either the number of space time streams NSTS and the number of spatial streams NSS indicated by the MCS
00 – No STBC (NSTS=NSS)

	Advanced Coding
	1
	1 - LDPCC
0 - BCC.

	Short GI
	1
	Set to 1 to Indicate that the short GI is used after the HT training.
Set to 0 otherwise

	Number of extension HT-LTF
	2
	Number of extension spatial stream(s) 
[image: image83.wmf]ESS

N

. –b'00 – no extension spatial stream, b'01 – 1 additional spatial stream, b'10 2 additional spatial streams, b'11 3 additional spatial streams. 

	CRC
	8
	CRC of bits 0-23 in HT-SIG1 and bits 0-9 in HT-SIG2 – see section ‎3.6.3.  The first bit to be transmitted is bit C7 as explained in aforementioned section.

	Tail Bits
	6
	Used to terminate the trellis of the convolution coder.   Set to 0.

	Integer fields are transmitted least significant bit first.
A value of 0 in the Length Field indicates a PPDU which does not include a data field.  The packets ends after the last HT-LTF or the HT-SIG.
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Figure 5 - HT SIG breakdown to HT-SIG1 and HT-SIG2
The HT-SIG is composed of two parts HTSIG1 and HTSIG2 each containing 24 bits.  All the fields in the HT-SIG are transmitted LSB first.

The HT-SIG parts are encoded, interleaved, mapped, and have pilots inserted following the steps described in sections 17.3.5.5, 17.3.5.6, 17.3.5.8 of the IEEE802.11a standard ‎[1].  The stream of 96, complex numbers generated by these steps are divided into two groups of 48 complex numbers: 
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 see Figure 5.  The conversion of these into the time domain signal is according to the next tables:
Table 8 - Modulation for the High Throughput Signal Field in a Mixed Mode Packet
	Modulation Method
	Conversion to Time Domain signal

	20MHz transmission  - 
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	40MHz Tx on several streams – iTX'th stream
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Table 9 - Modulation for the High Throughput Signal Field in a Green Field Packet
	Modulation Method
	Conversion to Time Domain signal

	20MHz transmission  - 
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	40MHz Tx on several streams – iTX'th stream


	
[image: image91.wmf](

)

(

)

[

]

(

)

(

)

(

)

(

)

[

]

(

)

(

)

1

T

0

47

()32,

,1

,

01

()32,

,1

,

1

exp232

exp232

TX

SYM

STS

STS

STS

TXSTS

STS

ST

STS

TXSTS

i

HTSIGSYM

Tones

n

STS

N

i

MkHTLTFknFSYMGICS

i

ii

ki

i

MkHTLTFknFSYMGICS

i

ii

rtwtnT

NN

jQPdjMktnTTT

QPdjMktnTTT

p

p

-

=

-

==

+

=-×

×

æ

éù

-D---

ç

ëû

ç

è

éù

-+D---

ëû

å

åå

(

)

(

)

[

]

[

]

(

)

(

)

(

)

[

]

[

]

(

)

(

)

(

)

47

01

32

,,1

1

32

,,1

1

exp232

exp232

STS

S

STS

SRSTS

STS

TXSTSSTS

SRSTS

SRSTS

STS

TXSTSSTS

SRSTS

N

ki

NN

i

nzkHTLTFkFSYMGICS

iii

kNi

NN

i

nzkHTLTFkFSYMGICS

iii

kNi

pQPPjktnTTT

jpQPPjktnTTT

p

p

==

+-

=-=

++

=-=

+-D---

ö

++D---

÷

÷

ø

åå

åå

åå





[image: image92.wmf]k

n

P

p

k

M

,

),

(

 are defined in section 17.3.5.9 of the 802.11a standard. ‎[1]
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 is equal to the number of tones in the HT-SIG. 
The value of z is zero in a GF packet and 1 in a mixed mode packets.

Values for 
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are taken from Table 4 in the case of MM.  In the case of a GF packet the values of 
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 are taken from Table 6.
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is defined is section ‎3.6.5.


[image: image97.wmf]k

Q

 is defined in section ‎4.7.1.

The value of 
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 used in these equations, both for 20MHz and 40MHz, is 26 tones.
Note: this definition results in a BPSK modulation in which the constellation of the data tones is rotated by 90º relative to the legacy signal field.
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3.6.3 CRC calculation

The CRC protects bits 0-33 of the HT-SIG. The value of the CRC field is the ones complement of
crc(D)=M(D)D8 modulo G(D)

where the shift register is initialized to all ones and
M(D)=m0Dk-1+m1Dk-2+…+mk-2D+mk-1 is the HT-SIG represented as polynomial where m0 is bit 0 of HT-SIG1 and m33 is bit 9 of HT-SIG2,
G(D)=D8+D2+D+1 is the CRC generating polynomial, and 

crc(D)=c0D7+c1D6+…+c6D+c7
The CRC field is transmitted with c7  first
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Figure 7 - HT-SIG  CRC calculation
Figure 7 shows the operation of the CRC.  First the shift register is reset to all ones.  The bits are then passed through the XOR at the input.  When the last bit have entered, the bits are outputted, C7 first, through an inverter.
3.6.4 The HT STF training symbol

The purpose of the HT STF training field is to improve AGC training in a multi-transmit and multi-receive system.  The duration of the HT-STF is 4μsec; the frequency sequence used to construct the HT-STF in 20MHz transmission is identical to legacy STF; in 40MHz transmission the HT-STF is constructed from the 20MHz version by frequency shifting and duplicating, and rotating the upper sub-carriers by 90°. The frequency sequences are: 

For 20MHz:
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The HT-STF in 40MHz is based on:
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The time domain representation of the transmission in the 
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'th  transmit chain is: 
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The value of 
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is 1 for 20MHz and 
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 in 40MHz.  The values for 
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are given in Table 6. 
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 is defined in section ‎4.7.1.
3.6.5 The HT-LTF long training Field

The HT long training field provides means for the receiver to estimate the channel between each spatial mapper input (or spatial stream transmitter if no STBC is applied) and receive chain; the number of training symbols 
[image: image108.wmf]LTF
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 is equal or greater than the number of space time streams (with an exception in the case of 3 space time streams).  The number of training symbols is greater than the number of space time streams if the transmitter is providing training for more spatial streams (spatial mapper inputs) than the number used for the transmission of the PSDU.  This happens in a sounding PPDU.  
The HT long training field portion has one or two parts.   The first part consists of from one to four HT long training fields (HT-LTFs) that are necessary for demodulation of the HT-Data portion of the PPDU.  These HT-LTFs are referred to as Data HT-LTFs.  The optional second part consists of from zero to four HT-LTFs that may be used to probe extra spatial dimensions of the MIMO channel that are not utilized by the HT-Data portion of the PPDU.  These HT-LTFs are referred to as Extension HT-LTFs.  If a receiver has not advertised its ability to receive Extension HT-LTFs, it may discard a frame including Extension HT-LTFs as an unknown frame type. The number of Data HT-LTFs is denoted
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.  The number of extension HT-LTFs is denoted
[image: image110.wmf]ELTF

N

.  The total number of HT-LTFs is 
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 shall not exceed 5.  
Table 10 shows the determination of the number of space
 time streams from the MCS and STBC HT-SIG fields.   Table 11 shows the number of data and extension LTFs as a function of either number of space time streams 
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or number of extension spatial streams
[image: image114.wmf]ESS

N

.
	Number of Spatial Streams (from MCS) 
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	STBC field
	Number of  space time streams 
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Table 10 - Determining the number of space time streams
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 or 
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 or 
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	1
	1

	2
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Table 11 - Number of LTFs required to probe spatial streams
When Extension HT-LTFs are used, the result is referred to as a segmented HT-LTF.  When a PPDU includes a segmented HT-LTF, or if the number of LTF is greater than the number of space time streams it is optional for a receiver to decode the data portion of the PPDU. 
The following HT-LTF sequence is transmitted in the case of 20MHz operation: 
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Note that this sequence is an extension of the legacy LTF where the 4 extra sub-carriers are filled with +1 for negative frequencies and -1 for positive frequencies
In a 40MHz transmission the sequence to be transmitted is based on:
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Note that this sequence is also constructed by extending the legacy LTF in the following way: first of all, the legacy LTF is shifted and duplicated as explained in ‎3.5.3 for the duplicate legacy mode; then the missing sub-carriers are filled: sub-carriers [-32 -5 -4 -3 -2 2  3 4 5 32] are filled with the values [1 -1 -1 -1 1 -1 1 1 -1 1] respectively.

This sequence is used even if the HT-duplicate mode (MCS 32) is used in the data.  

The duration of each long training field HT-LTF is 4 μsec and it consists of a single occurance of the sequence plus a GI insertion.  An exception is the first HT-LTF in a GF packet which is 8µsec long consisting of two instances of the sequence plus a double GI insertion. In case of multiple space time streams cyclic shift is invoked as specified in Table 6
The generation of Data HT-LTFs is shown in Figure 8.  The generation of Extension HT-LTFs is shown in Figure 9.   In these figures, and in the following text, the following notational conventions are used:

· 
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Figure 8 - Generation of data HT-LTFs
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Figure 9 - Generation of the extension HT-LTFs
The mapping between space time streams and transmit chains is defined by the columns of an antenna map matrix 
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 for subcarrier
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.  The first 
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 columns define the space time streams used for data transmission, and the next 
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 columns) define the extension spatial streams.  Thus, for the purpose of defining HT-LTFs, 
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 is the total number of spatial streams being probed by the HT-LTFs.  
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 may be an identity matrix, in the case of direct-mapped MIMO.  
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 shall not be an indentity matrix when extension HT-LTFs are present (
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The time domain representation of the waveform transmitted in the ith transmit chain during the nth data HT-LTF (
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and it is 
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for the extension HT-LTFs 
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The HT-LTF mapping matrix 
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Where 
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is 1 for 20MHz and
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in 40MHz.  The value of 
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 is 1 for mixed mode and 2 for the first HT-LTF in green field mode.  The values for 
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 is defined in section ‎4.7.1.
4 The Data Field
The data field includes the service field, the PSDU, the pad bits, and the tail bits.

The number of symbols in the data field when BCC encoding is used is computed using the formula:
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Where 
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 is 2 if STBC is used and 1 otherwise (making sure that the number of symbols is even when STBC is used.)  The number of “zero” pad bits is thus
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.  The number of symbols in the data field when LDPCC encoding is used is described in section ‎4.3.3.4. 
4.1 The service field

The service field is used for scrambler initialization.  The service field will be composed of 16bits, all set to zero before scrambling.   In legacy and legacy duplicate transmission the service field will be the same as in section 17.3.5.1 of the 11a standard. In HT modes, the service field is composed of 16 zeros bits, scrambled by the scrambler, as defined in the next section.
4.2 Scrambler

The data field is scrambled by the scrambler defined in section 17.3.5.4 of the 802.11a standard ‎[1].   
4.3 Coding

The data are encoded using the convolutional encoder defined in section 17.3.5.5 of the 802.11a standard ‎[1].  A single FEC encoder is used when the PHY rate is less than or equal 300Mbps or when LDPCC ECC is used; When BCC FEC encoder is used, two encoders will be used when the PHY rate is greater than 300Mbps.  The operation of the BCC FEC is described in sections ‎4.3.1 and ‎4.3.2.  The operation of the LDPCC ECC is described in sections ‎4.3.3.
4.3.1 Encoder Parsing operation

If two encoders are used, the data scrambled bits are divided between the encoders by sending alternating bits to different encoders. The ith bit to the jth encoder, denoted 
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Following the parsing operation, 6 scrambled “zero” bits following the end of the message bits in each FEC input sequence are replaced by unscrambled “zero” bits, as described in 17.3.5.2 of the 802.11a standard ‎[1].  
The replaced bits are: 
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4.3.2 Coding and puncturing
The encoder parser output sequences 
[image: image168.wmf]{

}

0

i

x

 and 
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 where applicable will each be encoded by a rate ½ convolutional encoder defined in section 17.3.5.5 of the 802.11a standard ‎[1].  After encoding, the encoded data will be punctured by the method defined in section 17.3.5.6 of the 802.11a standard to achieve the rate selected by the modulation and coding scheme.
In the case that rate 5/6 coding is selected, the puncturing scheme is as follows:
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Figure 10  - Puncturing at rate 5/6
4.3.3 Low density parity check codes (optional ECC)

This subclause describes the LDPCCs to be optionally used in the HT system as high-performance ECC technique, instead of the convolutional code (‎4.3.2). The rate-dependent parameters in tables A1 through A15 in appendix A shall still apply. 
4.3.3.1 LDPCC Code Rates and Codeword Block Lengths

The supported code rates, information block lengths, and codeword block lengths are described in Table 12 REF _Ref124178066 \h 
 \* MERGEFORMAT .
Table 12 - LDPCC Parameters
	Code rate

(R)
	LDPC information block length (bits)
	LDPC codeword block length (bits)

	1/2
	972
	1944

	1/2
	648
	1296

	1/2
	324
	648

	2/3 
	1296
	1944

	2/3
	864
	1296

	2/3
	432
	648

	3/4 
	1458
	1944

	3/4
	972
	1296

	3/4
	486
	648

	5/6 
	1620
	1944

	5/6
	1080
	1296

	5/6
	540
	648


4.3.3.2 LDPCC Encoder

For each of the three available codeword block lengths, the proposed LDPCC supports rate-1/2, rate-2/3, rate-3/4 and rate-5/6 encoding. The LDPCC encoder is systematic, i.e. it encodes an information block of size k, 
[image: image171.wmf](

)

011

I,,

k

iii

-

=

K

 into a codeword 
[image: image172.wmf]c

of size 
[image: image173.wmf]n

, 
[image: image174.wmf](

)

01-101--1

=,,... , , ,, 

knk

iiippp

¼

c

, by adding 
[image: image175.wmf]nk

-

 parity bits obtained so that 
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 is an  (n-k)x n  parity-check matrix. The selection of the codeword blocklength 
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is achieved via the LDPC PPDU encoding process described in subclause ‎1.1.  



4.3.3.3 Parity check matrices

Each of the proposed parity-check matrices can be partitioned into square subblocks (submatrices) of size
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.  These submatrices are either cyclic-permutations of the identity matrix or null submatrices. 

The cyclic-permutation matrix 
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identity matrix by cyclically shifting the columns to the right by i elements. The matrix 
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 identity matrix.  REF _Ref123270830 \h 
 \* MERGEFORMAT  illustrates examples (for a subblock size of 8 x 8) of cyclic-permutation matrices 
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Figure 11 - Examples of cyclic-permutation matrices with Z=8.  The matrix Pi is produced by cyclically shifting the columns of the identity matrix to the right by i places.

Table B.1 of Appendix B displays the “matrix prototypes” of parity-check matrices for all four code rates at block length 
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 bits. The integer 
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denotes the cyclic-permutation matrix 
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P

, as illustrated in  REF _Ref123270830 \h 
 \* MERGEFORMAT . Vacant entries of the table denote null (zero) submatrices. 

Table B.2 of Appendix B displays the matrix prototypes of parity-check matrices for blocklength 
[image: image189.wmf]=1296 

n

bits, in the same fashion. 

Table B.3 of Appendix B displays the matrix prototypes of parity-check matrices for blocklength 
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n

bits, in the same fashion.

4.3.3.4 LDPCC PPDU encoding process

a) Compute the number of available bits in the minimum number of OFDM symbols in which the Data field of the packet may fit.
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where 
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 equals 1 when STBC is used and 0 otherwise.

b) Compute the integer number of LDPCC codewords to be transmitted, 
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, and the length of the codewords to be used, 
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Table 13  - PPDU Encoding Parameters
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Range (bits)
	Number of LDPCC codewords NCW
	LDPC codeword length LLDPC (bits)
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c) Compute the number of shortening bits to be padded to the 
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 data bits before encoding
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The shortening bits shall be equally distributed over all 
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codewords with the first 
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 codewords being shortened one bit more than the remaining codewords. All shortened bits shall be set to 0 on the right of the data bits in the systematic portion of the codeword corresponding to their locations in the parity check matrix. These shortened bits shall be discarded after encoding.

d) Compute the number of bits to be punctured from the codewords after encoding 
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If 
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Navbits = Navbits + NCBPS × (1+USTBC)
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The punctured bits shall be equally distributed over all 
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codewords with the first 
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 codewords being punctured one bit more than the remaining codewords. These punctured bits shall be the right most parity portion of the codeword corresponding to their locations in the parity check matrix and shall be discarded after encoding. The number of OFDM symbols to be transmitted in the PPDU can be computed per:

NSYM = Navbits / NCBPS







(23)
e) Compute the number of coded bits to be repeated
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The number of coded bits to be repeated shall be equally distributed over all 
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 codewords with one more bit repeated for the first 
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codewords than for the remaining codewords. Note when puncturing occurs that coded bits are not repeated and vice versa. The coded bits to be repeated per codeword shall be copied (cyclically repeated when necessary) starting from the left most systematic data bits,continuing through the parity bits if necessary, all corresponding to their locations in the parity check matrix. These repeated bits are then concatenated to the codeword after the parity bits in their same order.
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Figure 13 - LDPCC PPDU Encoding padding and puncturing of a single codeword

f) Encode the data per 4.3.3.2 and 4.3.3.3, using the number of shortening bits per codeword as computed in step c), and puncture or repeat bits per codeword as computed per step d) and e).

g) Aggregate all codewords and parse per ‎‎4.3.3.5. 

4.3.3.5 LDPC Parser

The LDPC shortened and punctured codewords that result from the encoding process shall be outputted in sequential fashion starting from the i0th bit of the systematic portion of each encoded codeword outputted first.  The parsing of this encoded data stream into spatial streams shall follow exactly the parsing rules defined for the BCC encoder, as defined in clause ‎4.4.1.
4.4 Data Interleaver

After coding and puncturing, the data bit stream at the output of the FEC encoders are re-arranged into blocks of NCBPSS  bits. This operation is referred to as “stream parsing” and is described in ‎4.4.1 below.  Each of these blocks is then interleaved by an interleaver that is a modification of the 802.11a interleaver.
4.4.1 Stream Parser
The number of bits assigned to a single axis (real or imaginary) in a constellation point in the iSSth spatial stream is denoted by 
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The sum of these over all streams is: 
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(Note that if equal MCS is used for all spatial streams this becomes
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, where
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is number of bits for an axis common to all streams).

Consecutive blocks of 
[image: image227.wmf](

)

SS

si

bits are assigned to different spatial streams in a round robin fashion.
If two encoders are present, the output of each encoder is used alternately for each round robin cycle, i.e. at the beginning S bits from the output of first encoder are fed into all spatial streams, and then S bits from the output of second encoder are used and so on.

The kth input to the iSSth spatial stream is
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, which is the ith output bit of the jth encoder, where:
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and
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4.4.2 Frequency interleaver
The bits at the output of the stream parser are divided into block of NCBPSS, each block is interleaved by an interleaver based on the 802.11a interleaver.  This interleaver, which is based on entering the data in rows, and reading it out in columns, has a different number of columns and rows when a 20MHz channel is used and when a 40MHz channel is used.  The numbers are described in the table below:
Table 14 - Number of rows and columns in the interleaver
	Parameter
	20MHz
	40MHz

	NCOL
	13
	18

	NROW
	4NBPSC
	6NBPSC

	NROT
	11
	29


After the .11a like operations have been applied, if more than one spatial stream exists, a third operation called frequency rotation is applied to the additional spatial streams.  The parameter for the frequency rotation is NROT. 

An additional parameter is the spatial stream index iss=0,..,NSS-1.  The output of the third permutation is a function of the spatial stream index.
The interleaving is defined using three permutations.   The first permutation is defined by the rule:
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The second permutation is defined by the rule
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The value of s is determined by the number of coded bits per sub carrier:
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If more that one spatial stream exists, a frequency rotation is applied to the output of the second permutation
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where 
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 is the index of the spatial steam on which this interleaver is operating. 

The deinterleaver uses the following operations to perform the inverse rotation.  We denote by r the index of the bit in the received block (per spatial stream).  The first permutation reverses the third (frequency rotation) permutation of the interleaver
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The second permutation reverses the second permutation in the interleaver.
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s is defined as above.
The third permutation reversed the first permutation of the interleaver:
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4.5 QAM Mapping 
The mapping between bits at the output of the interleaver and complex constellation points for BPSK, QPSK, 16-QAM and 64-QAM follows exactly the rules defined in section 17.3.5.7 of the 802.11a standard ‎[1].  
The streams of complex numbers should be denoted as 
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4.5.1 Space-Time-Block-Coding (STBC)

This subclause defines a set of optional robust transmission rates that are applicable only when NSTS is greater than NSS. NSS spatial streams are mapped to NSTS space time streams, which are mapped to NTX transmit chains. These rates are based either on Space-Time Block Coding (STBC) or hybrid STBC / Spatial-Division-Multiplexing (SDM) schemes. When the use of STBC is indicated in HT-SIG STBC field, a symbol operation shall occur between the QAM mapper and the spatial mapper (see Figure 2) as defined in this clause.
Denote the complex modulator symbol transmitted on all data sub-carriers for stream l destined for the (2n)th and (2n+1)th OFDM symbol as 
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Table 15 indicates for each combination of NSTS  and NSS which modulator symbol shall be transmitted during OFDM symbol period (2n) and (2n+1) from space time stream 
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 respectively and the MCS set with which this STBC coding may be combined.
Table 15 - QAM mapper output to spatial Mapper input  for STBC
	NSTS
	Bits 0-6 in HT SIG1 (MCS index)
	NSS
	Bits 4–5 in HT SIG2 (STBC index)
	nSTS
	space time stream in OFDM symbol (2n)
	space time stream in OFDM symbol (2n+1) 
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The l'th space time stream for the k'th data subcarrier of symbol n shall be denoted 
[image: image270.wmf],,
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.  If no space time block coding is applied 
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 and NSTS=NSS.
Note that the specific STBC schemes for single spatial streams NSS=1 with NTX=3 or NTX=4 are not detailed in this section since they are covered through the use of spatial expansion as detailed section 4.7.1.

4.6 Pilot Subcarriers

In the case of 20MHz 4 pilot tones are inserted, pilot signals are inserted in the same sub-carriers used in 802.11a standard, i.e. in sub-carriers -21, -7, 7 and 21; the pilot sequence for the nth symbols and iSTSth space time stream is defined as follows:
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In the case of 40MHz transmission pilot signals are inserted in sub-carriers -53, -25, -11, 11, 25, 53; the pilot sequence for the nth symbols and iSTSth space time stream is defined as follows:
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Where 
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n
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indicates symbol number modulo 4;

Note that for each space time stream there is a different pilot pattern and the pilot patterns are cyclically rotated over symbols.
The basic patterns are also different according to the total number of space time streams for the packet.
The patterns 
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 are defined in the following tables  The first table (Table 16) defines the values for 20MHz transmission and the second table (Table 17) defines the values for 40MHz transmission
Table 16 - pilot values for 20MHz transmission
	NSTS
	iSTS
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	1
	0
	1
	1
	1
	-1

	2
	0
	1
	1
	-1
	-1

	2
	1
	1
	-1
	-1
	1

	3
	0
	1
	1
	-1
	-1

	3
	1
	1
	-1
	1
	-1

	3
	2
	-1
	1
	1
	-1

	4
	0
	1
	1
	1
	-1

	4
	1
	1
	1
	-1
	1

	4
	2
	1
	-1
	1
	1

	4
	3
	-1
	1
	1
	1


Table 17 - Pilots values for 40MHz transmission
	NSTS
	iSTS
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	1
	0
	1
	1
	1
	-1
	-1
	1

	2
	0
	1
	1
	-1
	-1
	-1
	-1

	2
	1
	1
	1
	1
	-1
	1
	1

	3
	0
	1
	1
	-1
	-1
	-1
	-1

	3
	1
	1
	1
	1
	-1
	1
	1

	3
	2
	1
	-1
	1
	-1
	-1
	1

	4
	0
	1
	1
	-1
	-1
	-1
	-1

	4
	1
	1
	1
	1
	-1
	1
	1

	4
	2
	1
	-1
	1
	-1
	-1
	1

	4
	3
	-1
	1
	1
	1
	-1
	1


In the duplicate mode there are 8 pilots in the bins -53, -39, -25, -11, 11, 25, 39, 53.

The pilot values are the same as the values on bins -21, -7, 7, 21 in the 20MHz mode, repeated on the negative and positive bins and rotated in the upper bins.
4.7 OFDM Modulation

The time domain signal is composed from the stream of complex numbers 
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and from the pilot signals.   In the case of 40MHz transmission the upper sub-carriers are rotated 90° relative to the lower subcarriers 
4.7.1 Spatial Mapping

The transmitter may choose to rotate and/or scale the space time block coder output vector (or the QAM mapper output vector if no space time block coding was applied).  This is useful in the following cases:

· There are more transmit chains than space time streams. 
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· As part of (an optional) sounding packet.

· As part of (an optional) calibration procedure

· When the packet is in (an optional) beam forming mode.
If the data to be transmitted on subcarrier 
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on space time stream 
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 is 
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 then the transmitted data on the 
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'th  transmit chain shall be.
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where 
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 is the element in the 
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'th row and 
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'th column in a matrix 
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with 
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 rows and 
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 columns.   
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 may be frequency dependent.  

There are several typical matrices that can be used:

· Direct mapping – in this case 
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 is a diagonal matrix of unit magnitude complex values that can take two forms:

· 
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, the identity matrix
· A CSD matrix in which the diagonal elements represent cyclic shift in the time domain: 
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· Spatial Expansion – In this case 
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 is the product of a CSD matrix and a square matrix formed of orthogonal columns.  As an illustration:
· 
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 may be the product of a CSD matrix and a square unitary matrix such as the Hadamard matrix or the Fourier matrix.  Sounding PPDUs using spatial expansion shall use unitary 
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.
· the spatial expansion may be performed by duplicating some of the 
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 streams to form the 
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 streams, each stream being scaled by the following normalization factor 
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 by using for instance one of the following matrices multiplied by a CSD matrix and possibly by any square unitary matrix:

· NTX=2, NSTS=1 
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· NTX=3, NSTS=1 
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· NTX=4, NSTS=1 
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· NTX=3, NSTS=2 
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· NTX=4, NSTS=2 
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· NTX=4, NSTS=3 
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· Different Spatial Expansions over sub-carriers – in which case the smoothing bit should be set to 0 and used in MM only:

· NTX=2, NSTS=1 
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· NTX=3, NSTS=2 
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· NTX=4, NSTS=2 
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· NTX=4, NSTS=3 
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· Beam Forming Steering Matrix – In this case 
[image: image319.wmf]k
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 is any matrix that improves the reception in the receiver based on some knowledge of the channel between the transmitter and the receiver. In explicit feedback BF the matrix 
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 is supplied by feedback from the station to which the beamformed packet is directed. 

In the case where there are fewer space time streams than transmit chains, the first 
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 columns of the square matrices above can be used.
The same matrix 
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 shall be applied to subcarrier 
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 during any part of the packet in GF mode and any part of the packet following and including the HT-STF field in a mixed mode packet.   This operation is transparent to the receiver.
If the smoothing bit in the HT-SIG is not set to 0, the time domain channel between any space time stream and any transmit chain input, induced by the frequency dependence in the matrix 
[image: image324.wmf]k

Q

, and the CSD added according to Table 6, shall not exceed 600ns.
When spatial expansion is applied to the transmission, allowing more transmit chains to be used than spatial streams, the additional CSD value for each TX chain shall not exceed 200 nsec. 
If no spatial mapping is applied, the matrix 
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 is equal to the identity matrix and 
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4.7.2 20MHz HT transmission

The signal from the 
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z is 3 in a mixed mode packet and 2 in a Green Field Packet.  
[image: image330.wmf]n

p

is defined in section 17.3.5.9 of the 802.11a standard.
M(k) in the 20MHz case is 
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 above.  
4.7.3 Transmission in 40MHz HT mode

In the case of 40MHz, the signal from the 
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th transmit chain is:
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Where M(k) is given below: 
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· The pilot sequence 
[image: image336.wmf](,)
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 is defined in equation (23)

 for 40MHz. 
It should be noted that the 90º rotation that is applied to the upper part of the 40MHz channel is applied in the same way to the HT-STF, HT-LTF and HT-SIG.  The rotation applies to both pilots and the data in upper part of the 40MHz channel.
4.7.4 Transmission in HT duplicate mode.

HT duplicate mode provides the lowest transmission rate in 40MHz.  It may only be used for one spatial stream and only with BPSK coding and rate ½ coding.

Under HT duplicate mode, the following equation defines the signal:
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z is defined in section ‎4.7.2.  M(k), Pk is defined in section 17.3.5.9 of the 802.11a standard ‎[1].  NSR has the value defined for legacy 20MHz transmission.  
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is an element from a vector of length 
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, which may be frequency dependent.  The rules of spatial expansion CSD limitation, as specified in section ‎4.7.1, shall apply to 
[image: image340.wmf][

]

TX

k

i

Q


4.7.5 Transmission with a short guard interval

Short guard interval is used in the data field of the packet, when the Short GI field in the HT-SIG is set to 1.  When it is used, the same formula for the formation of the signal is used as in sections ‎1

 REF _Ref107812710 \r \h 
‎4.7.2 and ‎4.7.3 with the exception of 
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  and 
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 is replaces with 
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.  Short GI shall not be used in GF mode when the MCS indicates a single spatial stream.
4.8 Legacy duplicate transmission

Legacy duplicate transmission is used to transmit to legacy 802.11a devices that may be present in either the upper and lower channels of the 40MHz channel.  The L-STF, L-LTF and L-SIG are transmitted in the same way as in the HT 40MHz transmission.  There is no HT-SIG, HT-STF or HT-LTF.  Data transmission is defined in the following equation:
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 are the ones defined at 11a standard at section 17.3.5.9.
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are defined in Table 4.  
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is an element from a vector of length 
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5 Channel Numbering and Channelization

The device operates both in the 5GHz band and 2.4GHz band. When using 20MHz channels it uses the same channels as in the 11a/11g. When using the 40MHz channel, it can operate in the channels defined in sections ‎5.1 and ‎5.2. 

5.1 Channel Allocation in the 5 GHz Band

Channel center frequencies are defined at every integral multiple of 5 MHz above 5 GHz (for 20 MHz channels). The relationship between center frequency and channel number is given by the following equation: 

Channel center frequency = 5000 + 5 ⋅ nch (MHz), Where nch = 0,1,…200. 

The 40MHz channels in 5GHz are specified by two fields: (Ncontrol_ch, extension). The first field represents the channel number of the control channel, and the second one indicates whether the extension channel is above or below the control channel (1 -> above, -1 -> below). For example, a 40MHz channel consisting of channel 36 and 40 where channel 36 is the control channel shall be specified as (36,1). 

The following table lists the valid settings of these two fields in the 5 GHz band. 
Table 18 - 40MHz channel allocation in the 5GHz band 

	Regulatory domain
	Band (GHZ)
	Ncontrol_ch
	Center Frequency (MHz)

	
	
	Extension=1
	Extension=-1
	

	United States
	U-NII lower band

(5.15-5.25)
	36

44
	40

48
	5190

5230

	United States
	U-NII middle band

(5.25-5.35)
	52

60
	56

64
	5270

5310

	Europe
	ETSI (5.5-5.7)
	100

108

116

124

132
	104

112

120

128

136
	5510

5550

5590

5630

5670

	United States
	U-NII upper band

(5.725-5.825)
	149

157
	153

161
	5755

5795


5.2 Channel Allocation in the 2.4 GHz Band

Channel center frequencies are defined at every integral multiple of 5 MHz in the 2.4 GHz band. The relationship between center frequency and channel number is given by the following equation: Channel center frequency = 2407 + 5 ⋅ nch (MHz), Where nch = 1,2,…11. 

The 40MHz channels in 2.4GHz are specified in the same way as in 5GHz: (Ncontrol_ch, extension). The first field represents the channel number of the control channel, and the second one indicates whether the extension channel is above or below the control channel (1 -> above, -1 -> below). For example, a 40MHz channel consisting of channel 2 and channel 6 where channel 6 is the control channel shall be specified as (6, -1).

The following table lists the valid settings of these two fields in the 2.4 GHz band. 

Table 19 - 40Mhz channel alocation in the 2.4GHz and
	Regulatory domain
	Ncontrol_ch
	Center Frequency (MHz)

	
	Extension=1
	Extension=-1
	

	United States

Canada

Europe
	1

2

3

4

5

6

7
	5

6

7

8

9

10

11
	2422

2427

2432

2437

2442

2447

2452


6 Transmit Spectrum Mask

When transmitting in a 20MHz channel, the transmitted spectrum shall have a 0 dBr (dB relative to the maximum spectral density of the signal) bandwidth not exceeding 18 MHz, –20 dBr at 11 MHz frequency offset, –28 dBr at 20 MHz frequency offset and –45 dBr at 30 MHz frequency offset and above. The transmitted spectral density of the transmitted signal shall fall within the spectral mask, as shown in Figure 15. The measurements shall be made using a 100 kHz resolution bandwidth and a 30 kHz video bandwidth.
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Figure 15 - Transmit spectral mask for 20MHz Transmission
When transmitting in a 40MHz channel, the transmitted spectrum shall have a 0 dBr bandwidth not exceeding 38 MHz, –20 dBr at 21 MHz frequency offset, -28 dBr at 40 MHz offset and –45 dBr at 60 MHz frequency offset and above. The transmitted spectral density of the transmitted signal shall fall within the spectral mask, as shown in Figure 16. 
The transmit spectral mask for 20MHz transmission in upper or lower 20Mhz channels of a 40MHz is the same mask as that used for the 40MHz channel.
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Figure 16 - Transmit spectral mask for a 40MHz channel
6.1 Spectral Flatness
In a 20MHz channel and in corresponding 20MHz transmission in a 40MHz channel, the average energy of the constellations in each of the spectral lines –16 to –1 and +1 to +16 shall deviate no more than ± 2 dB from their average energy. The average energy of the constellations in each of the spectral lines –28 to –17 and +17 to +28 will deviate no more than +2/–4 dB from the average energy of spectral lines –16 to –1 and +1 to +16. 

In a 40 MHz transmission the average energy of the constellations in each of the spectral lines –42 to –2 and +2 to +42 shall deviate no more than ± 2 dB from their average energy. The average energy of the constellations in each of the spectral lines –43 to –58 and +43 to +58 shall deviate no more than +2/–4 dB from the average energy of spectral lines –42 to –2 and +2 to +42.
The data for this test will be based on the channel estimate step.
6.2 Transmit Power

The maximum allowable output power of the device is the same as in legacy 802.11a or 802.11g transmitter.  If more than one transmit chain is used, the total power in all transmit chains shall be equal to the total power possible for a legacy 802.11a/g transmitter.  If a 40MHz channel is used, the total transmitted power in the 40MHz bandwidth shall be equal to the total transmitted power allowed for a legacy 802.11a transmitter in a 20MHz channel.
6.3 Transmit center frequency tolerance
The transmitter center frequency tolerance shall be ±20 ppm maximum.  The different transmit chain center frequencies (LO) and each transmit chain symbol clock frequency shall all be derived from the same reference oscillator.

7 Packet alignment

7.1 Packet alignment

The receiver will assert PHY-CCA.indicate(idle).(12.3.5.10) at the 4µsec boundary following the reception of the last symbol of the packet. 
The transmitter will assert PHY-TXEND.confirm (12.3.5.7) at the trailing boundary of the last symbol of the packet on the air.
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Figure 17 - Packet alignment example - GF packet with short GI

7.2 Reduced Interframe Space (RIFS)

The transmitter shall be able to transmit a packet 2usec after PHY-TXEND.confirm is asserted. The receiver shall be able to decode a packet if it starts 2µsec after PHY-RXEND.indication is asserted for the previous packet.   RIFS timing accuracy is ±10%.
8 Beamforming 

Beamforming is a technique in which the transmitter utilizes the knowledge of the MIMO channel to generate a spatial mapping matrix 
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 that will improve reception in the receiver.

The MIMO channel model is one in which when a vector 
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Where 
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is the channel matrix 
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 is white (spatial and temporally) Gaussian noise.
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Figure 18 - The beamforming MIMO channel model

When beamforming is used, the transmitter replaces 
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 with 
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 so that the received vector is 
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There are several methods of beam forming, differing in the way the transmitter acquires the knowledge of the channel matrices
[image: image366.wmf]k

H

 and on whether the transmitter or the receiver generates
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.
In implicit beam forming the transmitter uses the fact that the channel between antenna 
[image: image368.wmf]i

at STA A and antenna 
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 at STA B, is the same as the channel measured at antenna 
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of STA A when antenna  
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 at STA B is transmitting.  Using a matrix representation of the channel, it means that the channel between STA A and STA B is the transpose of the channel between STA B and STA A.  This is true for the channels between the antennas.  Since the actual channel includes the transmit chain in STA A and receive chain in STA B,  there is the need for a calibration procedure to correct for the difference in the measured channel, due to the difference between the combinations of STA A transmitter and STA B receiver (
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) vs. STA B transmitter and STA A receiver (
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).  (
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 is the diagonal matrix modeling  the attenuation and delay in each of STA A transmit chains, similarly 
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 and 
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 with receiver chains).
In explicit beamforming, in order for STA A to transmit a beamformed packet to STA B, STA B measures the channel matrices and sends STA A either the mapping matrices 
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 to uses, or the channel matrices
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.

8.1 CSI Matrices Feedback

In the CSI matrices feedback the transmitting STA receives an action frame containing the quantized MIMO channel matrix, 
[image: image379.wmf]H

, from the receiving STA.  The transmitting station then may use this matrix to compute a set of transmit spatial mapping matrices, 
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.  
The matrix 
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(of a specific subcarrier) shall be encoded as follows:
· The maximum of the real part of and the maximum of the imaginary part of each element of the matrix is found and the maximum of these is taken: 
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· Each element in the matrix 
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 is quantized to 
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bits in two's complement notation according to the formula:
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· The ratio between 
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of subcarrier 
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 in decibel units is encoded in 3 bits using one's complement notation.
Therefore each matrix is encoded using 
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may have the value of 4, 5, 6, 8 bits.
8.2 Non Compressed Steering Matrix Feedback
In non compressed steering matrix feedback, the receiving station computes a set of matrices for feedback to the transmitter.  These matrices are assembled into an action frame as described in MAC section "Steering Matrices Feedback Frame".  The transmitter can then apply these matrices directly as the spatial mapping matrices
[image: image391.wmf]k
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.
The encoding of these matrices is identical to the encoding of the CSI matrices.  The dimensions of the steering matrices is 
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8.3 Compressed Steering Matrix Feedback
In compressed steering matrix feedback, the receiving station computes a set of compressed unitary matrices for feedback to the transmitter.  These compressed matrices are assembled into an action frame as described in MAC section "Compressed Steering Matrices Feedback Frame ".
The transmitter can then apply these matrices, or a function of them, as the spatial mapping matrices 
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. The matrix compression is defined as follows.  The unitary matrix V shall be represented as:
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The matrix
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 is an n by n Givens rotation matrix:
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where each 
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is an m by m identity matrix, and 
[image: image405.wmf]cos()

Y

 and 
[image: image406.wmf]sin()

Y

 are located at lth and ith row and column. 
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is an identity matrix padded with zeros to fill the additional rows or columns when 
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For example, a 4x2 V matrix has the following representation: 
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This is a description of a method for finding a compressed V matrix using Givens Rotation.
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    A unitary NxM beamforming matrix V is column-wise phase invariant because the steering matrix needs a reference in phase per each column. This means V may be equivalent to 
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. When the beamformee estimates the channel, it may find 
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    When the beamformee finds V matrix, all of elements in V may be complex numbers. The angles 1,1,  …, N-1,1in the  diagonal matrix 
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  For new (N-1) x (M-1) submatrix V2 ,  this process may be applied in the same way. Then, the angles 2,2,  …, N-1.2in the  diagonal matrix 
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   This process may keep going until the first M columns of right side matrix becomes 
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9 High Throughput Preamble Format for Sounding PPDUs

MIMO channel measurement takes place in every PPDU as a result of transmitting the HT-LTFs as part of the PLCP preamble.  At a minimum, the number of HT-LTFs transmitted must be equal to the number of space time streams transmitted, and these are transmitted using the same spatial transformation that is used for the HT-Data.  This enables the computation of the spatial equalization at the receiver.  

When the number of space time streams, 
[image: image433.wmf]STS

N

, is less than the number of transmit antennas, or less than 
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 HT-LTFs does not allow the receiver to recover a full characterization of the MIMO channel, even though the resulting MIMO channel measurement is sufficient for receiving the HT-Data.  
However, there are several cases where it is desirable to obtain as full a characterization of the channel as is possible, thus requiring the transmission of a sufficient number of HT-LTFs to sound the full dimensionality of the channel, which is in some cases 
[image: image436.wmf]TX
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, and in other cases 
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.  We refer to these cases of MIMO channel measurement as MIMO channel sounding.  A sounding packet may be used to probe available channel dimensions.  A sounding PPDU is identified by setting the sounding bit in HT-SIG to zero.  A sounding PPDU may have any allowed number of HT-LTFs satisfying
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).  In general, if the sounding bit in the HT-SIG is set to zero, when
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, segmented HT-LTFs are used, except for the case where 
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Even if 
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9.1 Sounding with a zero length packet

An STA may sound the channel using a zero length packet (indicated by zero in the Length field in the HT-SIG) with the sounding bit set.  The number of LTF's is the number implied by the MCS.  No data field will follow the last HT-LTF or the HT-SIG (see Figure 19).  
It is optional for an STA to process a zero length packet.  
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Figure 19 -An example of a zero length packet used for sounding
9.2 Sounding PPDU for calibration

In the case of a bidirectional calibration exchange, two STAs exchange sounding PPDUs enabling the receiving STA to compute an estimate of the MIMO channel matrix,
[image: image445.wmf]k

H

, for each subcarrier.  In general, in an exchange of calibration messages, the number of spatial streams will be less than the number of transmit antennas, necessitating the use of segmented HT-LTFs. In the case of sounding PPDUs for calibration, the antenna mapping matrix shall be
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 is a diagonal cyclic shift matrix, where the diagonal elements carry frequency-domain representation of the cyclic shifts given in Table 4, and 
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 is the unitary matrix given in ‎3.6.5.
9.3 Sounding PPDU for channel quality assessment (informative)

A MIMO channel with 
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 space time streams.  In order for a receiving STA to obtain a channel quality assessment for all 
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 available spatial streams, so that it can respond to an MRQ, when using a transmit steering matrix 
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 orthonormal steering matrix.  This requires the transmitting STA to send HT-LTFs to sound the 
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 available space time streams.  The number of HT-LTFs can be determined from HT-SIG fields of MCS and  STBC  as shown in Table 10.    STAs supporting the transmission of segmented HT-LTFs can send a sounding PPDU using extension HT-LTFs as necessary.  STAs that don’t support transmission of segemented PPDUs may only send a sounding PPDU when 
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10 Optional Features

This section assembles the main features that are optional 

· Green Field mode is optional at both receive and transmit

· Short GI is optional at both receive and transmit

· STBC is optional at both receive and transmit

· Beam Forming is optional at both receive and transmit

· 40MHz Channel processing is optional at both transmit and receive.
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Appendix A:  Rate Dependent Parameters for High Throughput Modulation and Coding Schemes (MCS)

Table A-1  – rate dependent parameters for mandatory 20 MHz, NSS =1  modes 
	MCS Index
	Modulation
	R
	NBPSC
	NSD
	NSP
	NCBPS
	NDBPS
	Data rate (Mbps)

	
	
	
	
	
	
	
	
	800ns GI
	400ns GI1

	0
	BPSK
	½
	1
	52
	4
	52
	26
	6.5
	7.2

	1
	QPSK
	½
	2
	52
	4
	104
	52
	13.0
	14.4

	2
	QPSK
	¾
	2
	52
	4
	104
	78
	19.5
	21.7

	3
	16-QAM
	½
	4
	52
	4
	208
	104
	26.0
	28.9

	4
	16-QAM
	¾
	4
	52
	4
	208
	156
	39.0
	43.3

	5
	64-QAM
	2/3
	6
	52
	4
	312
	208
	52.0
	57.8

	6
	64-QAM
	¾
	6
	52
	4
	312
	234
	58.5
	65.0

	7
	64-QAM
	5/6
	6
	52
	4
	312
	260
	65.0
	72.2


1Support of 400 ns guard interval is optional on transmit and receive.

Table A-2—Rate-dependent parameters for optional 20 MHz, NSS = 2 modes

	MCS Index
	Modulation
	R
	NBPSC
	NSD
	NSP
	NCBPS
	NDBPS
	Data rate (Mbps)

	
	
	
	
	
	
	
	
	800ns GI
	400ns GI

	8
	BPSK
	½
	1
	52
	4
	104
	52
	13.0
	14.444

	9
	QPSK
	½
	2
	52
	4
	208
	104
	26.0
	28.889

	10
	QPSK
	¾
	2
	52
	4
	208
	156
	39.0
	43.333

	11
	16-QAM
	½
	4
	52
	4
	416
	208
	52.0
	57.778

	12
	16-QAM
	3/4
	4
	52
	4
	416
	312
	78.0
	86.667

	13
	64-QAM
	2/3
	6
	52
	4
	624
	416
	104.0
	115.556

	14
	64-QAM
	¾
	6
	52
	4
	624
	468
	117.0
	130.000

	15
	64-QAM
	5/6
	6
	52
	4
	624
	520
	130.0
	144.444


1Support of 400 ns guard interval is optional on transmit and receive.

Table A-3—Rate-dependent parameters for optional 20 MHz, NSS = 3 modes

	MCS Index
	Modulation
	R
	NBPSC
	NSD
	NSP
	NCBPS
	NDBPS
	Data rate (Mbps)

	
	
	
	
	
	
	
	
	800 ns GI
	400ns GI

	16
	BPSK
	½
	1
	52
	4
	156
	78
	19.5
	21.7

	17
	QPSK
	½
	2
	52
	4
	312
	156
	39.0
	43.3

	18
	QPSK
	¾
	2
	52
	4
	312
	234
	58.5
	65.0

	19
	16-QAM
	½
	4
	52
	4
	624
	312
	78.0
	86.7

	20
	16-QAM
	3/4
	4
	52
	4
	624
	468
	117.0
	130.0

	21
	64-QAM
	2/3
	6
	52
	4
	936
	624
	156.0
	173.3

	22
	64-QAM
	¾
	6
	52
	4
	936
	702
	175.5
	195.0

	23
	64-QAM
	5/6
	6
	52
	4
	936
	780
	195.0
	216.7


Table A-4—Rate-dependent parameters for optional 20 MHz, NSS = 4  modes

	MCS Index
	Modulation
	R
	NBPSC
	NSD
	NSP
	NCBPS
	NDBPS
	Data rate (Mbps)

	
	
	
	
	
	
	
	
	800 ns GI
	400ns GI1

	24
	BPSK
	½
	1
	52
	4
	208
	104
	26.0
	28.9

	25
	QPSK
	½
	2
	52
	4
	416
	208
	52.0
	57.8

	26
	QPSK
	¾
	2
	52
	4
	416
	312
	78.0
	86.7

	27
	16-QAM
	½
	4
	52
	4
	832
	416
	104.0
	115.6

	28
	16-QAM
	3/4
	4
	52
	4
	832
	624
	156.0
	173.3

	29
	64-QAM
	2/3
	6
	52
	4
	1248
	832
	208.0
	231.1

	30
	64-QAM
	¾
	6
	52
	4
	1248
	936
	234.0
	260.0

	31
	64-QAM
	5/6
	6
	52
	4
	1248
	1040
	260.0
	288.9


Table A-5—Rate-dependent parameters for optional 40 MHz, NSS = 1  modes

	MCS Index
	Modulation
	R
	NBPSC
	NSD
	NSP
	NCBPS
	NDBPS
	Data rate (Mbps)

	
	
	
	
	
	
	
	
	800 ns GI
	400ns GI

	0
	BPSK
	½
	1
	108
	6
	108
	54
	13.5
	15.0

	1
	QPSK
	½
	2
	108
	6
	216
	108
	27.0
	30.0

	2
	QPSK
	¾
	2
	108
	6
	216
	162
	40.5
	45.0

	3
	16-QAM
	½
	4
	108
	6
	432
	216
	54.0
	60.0

	4
	16-QAM
	3/4
	4
	108
	6
	432
	324
	81.0
	90.0

	5
	64-QAM
	2/3
	6
	108
	6
	648
	432
	108.0
	120.0

	6
	64-QAM
	¾
	6
	108
	6
	648
	486
	121.5
	135.0

	7
	64-QAM
	5/6
	6
	108
	6
	648
	540
	135.0
	150.0


Table A-6—Rate-dependent parameters for optional 40 MHz, NSS = 2 modes

	MCS Index
	Modulation
	R
	NBPSC
	NSD
	NSP
	NCBPS
	NDBPS
	Data rate (Mbps)

	
	
	
	
	
	
	
	
	800 ns GI
	400ns GI

	8
	BPSK
	½
	1
	108
	6
	216
	108
	27.0
	30.0

	9
	QPSK
	½
	2
	108
	6
	432
	216
	54.0
	60.0

	10
	QPSK
	¾
	2
	108
	6
	432
	324
	81.0
	90.0

	11
	16-QAM
	½
	4
	108
	6
	864
	432
	108.0
	120.0

	12
	16-QAM
	3/4
	4
	108
	6
	864
	648
	162.0
	180.0

	13
	64-QAM
	2/3
	6
	108
	6
	1296
	864
	216.0
	240.0

	14
	64-QAM
	¾
	6
	108
	6
	1296
	972
	243.0
	270.0

	15
	64-QAM
	5/6
	6
	108
	6
	1296
	1080
	270.0
	300.0


Table A-7—Rate-dependent parameters for optional 40 MHz, NSS = 3 modes

	MCS Index
	Modulation
	R
	NBPSC
	NSD
	NSP
	NCBPS
	NDBPS
	Data rate (Mbps)

	
	
	
	
	
	
	
	
	800 ns GI
	400ns GI

	16
	BPSK
	½
	1
	108
	6
	324
	162
	40.5
	45.0

	17
	QPSK
	½
	2
	108
	6
	648
	324
	81.0
	90.0

	18
	QPSK
	¾
	2
	108
	6
	648
	486
	121.5
	135.0

	19
	16-QAM
	½
	4
	108
	6
	1296
	648
	162.0
	180.0

	20
	16-QAM
	3/4
	4
	108
	6
	1296
	972
	243.0
	270.0

	21
	64-QAM
	2/3
	6
	108
	6
	1944
	1296
	324.0
	360.0

	22
	64-QAM
	¾
	6
	108
	6
	1944
	1458
	364.5
	405.0

	23
	64-QAM
	5/6
	6
	108
	6
	1944
	1620
	405.0
	450.0


Table A-8—Rate-dependent parameters for optional 40 MHz, NSS = 4  modes

	MCS Index
	Modulation
	R
	NBPSC
	NSD
	NSP
	NCBPS
	NDBPS
	Data rate (Mbps)

	
	
	
	
	
	
	
	
	800 ns GI
	400ns GI

	24
	BPSK
	½
	1
	108
	6
	432
	216
	54.0
	60.0

	25
	QPSK
	½
	2
	108
	6
	864
	432
	108.0
	120.0

	26
	QPSK
	¾
	2
	108
	6
	864
	648
	162.0
	180.0

	27
	16-QAM
	½
	4
	108
	6
	1728
	864
	216.0
	240.0

	28
	16-QAM
	3/4
	4
	108
	6
	1728
	1296
	324.0
	360.0

	29
	64-QAM
	2/3
	6
	108
	6
	2592
	1728
	432.0
	480.0

	30
	64-QAM
	¾
	6
	108
	6
	2592
	1944
	486.0
	540.0

	31
	64-QAM
	5/6
	6
	108
	6
	2592
	2160
	540.0
	600.0


Table A-9—Rate-dependent parameters for optional 40 MHz HT duplicate mode, NSS = 1 

	MCS Index
	Modulation
	R
	NBPSC
	NSD
	NSP
	NCBPS
	NDBPS
	Data rate (Mbps)

	
	
	
	
	
	
	
	
	800 ns GI
	400ns GI

	32
	BPSK
	½
	1
	96
	8
	48
	24
	6.0
	6.7


Table A-10—Rate-dependent parameters for optional 20 MHz, NSS = 2  modes

	MCS Index
	Modulation
	R
	NTBPS
	NSD
	NSP
	NCBPS
	NDBPS
	Data rate (Mbps)

	
	Stream 1
	Stream 2
	
	
	
	
	
	
	800 ns GI
	400ns GI

	33
	16-QAM
	QPSK
	½
	6
	52
	4
	312
	156
	39
	43.3

	34
	64-QAM
	QPSK
	½
	8
	52
	4
	416
	208
	52
	57.8

	35
	64-QAM
	16-QAM
	½
	10
	52
	4
	520
	260
	65
	72.2

	36
	16-QAM
	QPSK
	3/4
	6
	52
	4
	312
	234
	58.5
	65.0

	37
	64-QAM
	QPSK
	¾
	8
	52
	4
	416
	312
	78
	86.7

	38
	64-QAM
	16-QAM
	3/4
	10
	52
	4
	520
	390
	97.5
	108.3


Table A-11 – rate dependent parameters for optional 20MHz, NSS = 3  modes
	MCS Index
	Modulation
	R
	NTBPS
	NSD
	NSP
	NCBPS
	NDBPS
	Data rate (Mbps)

	
	Stream 1
	Stream 2
	Stream 3
	
	
	
	
	
	
	800 ns GI
	400ns GI

	39
	16-QAM
	QPSK
	QPSK
	½
	8
	52
	4
	416
	208
	52
	57.8

	40
	16-QAM
	16-QAM
	QPSK
	½
	10
	52
	4
	520
	260
	65
	72.2

	41
	64-QAM
	QPSK
	QPSK
	½
	10
	52
	4
	520
	260
	65
	72.2

	42
	64-QAM
	16-QAM
	QPSK
	½
	12
	52
	4
	624
	312
	78
	86.7

	43
	64-QAM
	16-QAM
	16-QAM
	½
	14
	52
	4
	728
	364
	91
	101.1

	44
	64-QAM
	64-QAM
	QPSK
	½
	14
	52
	4
	728
	364
	91
	101.1

	45
	64-QAM
	64-QAM
	16-QAM
	½
	16
	52
	4
	832
	416
	104
	115.6

	46
	16-QAM
	QPSK
	QPSK
	¾
	8
	52
	4
	416
	312
	78
	86.7

	47
	16-QAM
	16-QAM
	QPSK
	¾
	10
	52
	4
	520
	390
	97.5
	108.3

	48
	64-QAM
	QPSK
	QPSK
	¾
	10
	52
	4
	520
	390
	97.5
	108.3

	49
	64-QAM
	16-QAM
	QPSK
	¾
	12
	52
	4
	624
	468
	117
	130.0

	50
	64-QAM
	16-QAM
	16-QAM
	¾
	14
	52
	4
	728
	546
	136.5
	151.7

	51
	64-QAM
	64-QAM
	QPSK
	¾
	14
	52
	4
	728
	546
	136.5
	151.7

	52
	64-QAM
	64-QAM
	16-QAM
	¾
	16
	52
	4
	832
	624
	156
	173.3


Table A-12—Rate-dependent parameters for optional 20 MHz, NSS = 4 modes

	MCS Index
	Modulation
	R
	NTBPS
	NSD
	NSP
	NCBPS
	NDBPS
	Data rate (Mbps)

	
	Stream 1
	Stream 2
	Stream 3
	Stream 4
	
	
	
	
	
	
	800 ns GI
	400ns GI

	53
	16-QAM
	QPSK
	QPSK
	QPSK
	½
	10
	52
	4
	520
	260
	65
	72.2

	54
	16-QAM
	16-QAM
	QPSK
	QPSK
	½
	12
	52
	4
	624
	312
	78
	86.7

	55
	16-QAM
	16-QAM
	16-QAM
	QPSK
	½
	14
	52
	4
	728
	364
	91
	101.1

	56
	64-QAM
	QPSK
	QPSK
	QPSK
	½
	12
	52
	4
	624
	312
	78
	86.7

	57
	64-QAM
	16-QAM
	QPSK
	QPSK
	½
	14
	52
	4
	728
	364
	91
	101.1

	58
	64-QAM
	16-QAM
	16-QAM
	QPSK
	½
	16
	52
	4
	832
	416
	104
	115.6

	59
	64-QAM
	16-QAM
	16-QAM
	16-QAM
	½
	18
	52
	4
	936
	468
	117
	130.0

	60
	64-QAM
	64-QAM
	QPSK
	QPSK
	½
	16
	52
	4
	832
	416
	104
	115.6

	61
	64-QAM
	64-QAM
	16-QAM
	QPSK
	½
	18
	52
	4
	936
	468
	117
	130.0

	62
	64-QAM
	64-QAM
	16-QAM
	16-QAM
	½
	20
	52
	4
	1040
	520
	130
	144.4

	63
	64-QAM
	64-QAM
	64-QAM
	QPSK
	½
	20
	52
	4
	1040
	520
	130
	144.4

	64
	64-QAM
	64-QAM
	64-QAM
	16-QAM
	½
	22
	52
	4
	1144
	572
	143
	158.9

	65
	16-QAM
	QPSK
	QPSK
	QPSK
	¾
	10
	52
	4
	520
	390
	97.5
	108.3

	66
	16-QAM
	16-QAM
	QPSK
	QPSK
	¾
	12
	52
	4
	624
	468
	117
	130.0

	67
	16-QAM
	16-QAM
	16-QAM
	QPSK
	¾
	14
	52
	4
	728
	546
	136.5
	151.7

	68
	64-QAM
	QPSK
	QPSK
	QPSK
	¾
	12
	52
	4
	624
	468
	117
	130.0

	69
	64-QAM
	16-QAM
	QPSK
	QPSK
	¾
	14
	52
	4
	728
	546
	136.5
	151.7

	70
	64-QAM
	16-QAM
	16-QAM
	QPSK
	¾
	16
	52
	4
	832
	624
	156
	173.3

	71
	64-QAM
	16-QAM
	16-QAM
	16-QAM
	¾
	18
	52
	4
	936
	702
	175.5
	195.0

	72
	64-QAM
	64-QAM
	QPSK
	QPSK
	¾
	16
	52
	4
	832
	624
	156
	173.3

	73
	64-QAM
	64-QAM
	16-QAM
	QPSK
	¾
	18
	52
	4
	936
	702
	175.5
	195.0

	74
	64-QAM
	64-QAM
	16-QAM
	16-QAM
	¾
	20
	52
	4
	1040
	780
	195
	216.7

	75
	64-QAM
	64-QAM
	64-QAM
	QPSK
	¾
	20
	52
	4
	1040
	780
	195
	216.7

	76
	64-QAM
	64-QAM
	64-QAM
	16-QAM
	¾
	22
	52
	4
	1144
	858
	214.5
	238.3


Table A-13—Rate-dependent parameters for optional 40 MHz, NSS = 2  modes

	MCS Index
	Modulation
	R
	NTBPS
	NSD
	NSP
	NCBPS
	NDBPS
	Data rate (Mbps)

	
	Stream 1
	Stream 2
	
	
	
	
	
	
	800 ns GI
	400ns GI

	33
	16-QAM
	QPSK
	½
	6
	108
	6
	648
	324
	81
	90

	34
	64-QAM
	QPSK
	½
	8
	108
	6
	864
	432
	108
	120

	35
	64-QAM
	16-QAM
	½
	10
	108
	6
	1080
	540
	135
	150

	36
	16-QAM
	QPSK
	3/4
	6
	108
	6
	648
	486
	121.5
	135

	37
	64-QAM
	QPSK
	¾
	8
	108
	6
	864
	648
	162
	180

	38
	64-QAM
	16-QAM
	3/4
	10
	108
	6
	1080
	810
	202.5
	225


Table A-14 - Rate-dependent parameters for optional 40 MHz, NSS = 3  modes

	MCS Index
	Modulation
	R
	NTBPS
	NSD
	NSP
	NCBPS
	NDBPS
	Data rate (Mbps)

	
	Stream 1
	Stream 2
	Stream 3
	
	
	
	
	
	
	800 ns GI
	400ns GI

	39
	16-QAM
	QPSK
	QPSK
	½
	8
	108
	6
	864
	432
	108
	120

	40
	16-QAM
	16-QAM
	QPSK
	½
	10
	108
	6
	1080
	540
	135
	150

	41
	64-QAM
	QPSK
	QPSK
	½
	10
	108
	6
	1080
	540
	135
	150

	42
	64-QAM
	16-QAM
	QPSK
	½
	12
	108
	6
	1296
	648
	162
	180

	43
	64-QAM
	16-QAM
	16-QAM
	½
	14
	108
	6
	1512
	756
	189
	210

	44
	64-QAM
	64-QAM
	QPSK
	½
	14
	108
	6
	1512
	756
	189
	210

	45
	64-QAM
	64-QAM
	16-QAM
	½
	16
	108
	6
	1728
	864
	216
	240

	46
	16-QAM
	QPSK
	QPSK
	¾
	8
	108
	6
	864
	648
	162
	180

	47
	16-QAM
	16-QAM
	QPSK
	¾
	10
	108
	6
	1080
	810
	202.5
	225

	48
	64-QAM
	QPSK
	QPSK
	¾
	10
	108
	6
	1080
	810
	202.5
	225

	49
	64-QAM
	16-QAM
	QPSK
	¾
	12
	108
	6
	1296
	972
	243
	270

	50
	64-QAM
	16-QAM
	16-QAM
	¾
	14
	108
	6
	1512
	1134
	283.5
	315

	51
	64-QAM
	64-QAM
	QPSK
	¾
	14
	108
	6
	1512
	1134
	283.5
	315

	52
	64-QAM
	64-QAM
	16-QAM
	¾
	16
	108
	6
	1728
	1296
	324
	360


Table A-15—Rate-dependent parameters for optional 40 MHz, NSS = 4  modes

	MCS Index
	Modulation
	R
	NTBPS
	NSD
	NSP
	NCBPS
	NDBPS
	Data rate (Mbps)

	
	Stream 1
	Stream 2
	Stream 3
	Stream 4
	
	
	
	
	
	
	800 ns GI
	400ns GI

	53
	16-QAM
	QPSK
	QPSK
	QPSK
	½
	10
	108
	6
	1080
	540
	135
	150

	54
	16-QAM
	16-QAM
	QPSK
	QPSK
	½
	12
	108
	6
	1296
	648
	162
	180

	55
	16-QAM
	16-QAM
	16-QAM
	QPSK
	½
	14
	108
	6
	1512
	756
	189
	210

	56
	64-QAM
	QPSK
	QPSK
	QPSK
	½
	12
	108
	6
	1296
	648
	162
	180

	57
	64-QAM
	16-QAM
	QPSK
	QPSK
	½
	14
	108
	6
	1512
	756
	189
	210

	58
	64-QAM
	16-QAM
	16-QAM
	QPSK
	½
	16
	108
	6
	1728
	864
	216
	240

	59
	64-QAM
	16-QAM
	16-QAM
	16-QAM
	½
	18
	108
	6
	1944
	972
	243
	270

	60
	64-QAM
	64-QAM
	QPSK
	QPSK
	½
	16
	108
	6
	1728
	864
	216
	240

	61
	64-QAM
	64-QAM
	16-QAM
	QPSK
	½
	18
	108
	6
	1944
	972
	243
	270

	62
	64-QAM
	64-QAM
	16-QAM
	16-QAM
	½
	20
	108
	6
	2160
	1080
	270
	300

	63
	64-QAM
	64-QAM
	64-QAM
	QPSK
	½
	20
	108
	6
	2160
	1080
	270
	300

	64
	64-QAM
	64-QAM
	64-QAM
	16-QAM
	½
	22
	108
	6
	2376
	1188
	297
	330

	65
	16-QAM
	QPSK
	QPSK
	QPSK
	¾
	10
	108
	6
	1080
	810
	202.5
	225

	66
	16-QAM
	16-QAM
	QPSK
	QPSK
	¾
	12
	108
	6
	1296
	972
	243
	270

	67
	16-QAM
	16-QAM
	16-QAM
	QPSK
	¾
	14
	108
	6
	1512
	1134
	283.5
	315

	68
	64-QAM
	QPSK
	QPSK
	QPSK
	¾
	12
	108
	6
	1296
	972
	243
	270

	69
	64-QAM
	16-QAM
	QPSK
	QPSK
	¾
	14
	108
	6
	1512
	1134
	283.5
	315

	70
	64-QAM
	16-QAM
	16-QAM
	QPSK
	¾
	16
	108
	6
	1728
	1296
	324
	360

	71
	64-QAM
	16-QAM
	16-QAM
	16-QAM
	¾
	18
	108
	6
	1944
	1458
	364.5
	405

	72
	64-QAM
	64-QAM
	QPSK
	QPSK
	¾
	16
	108
	6
	1728
	1296
	324
	360

	73
	64-QAM
	64-QAM
	16-QAM
	QPSK
	¾
	18
	108
	6
	1944
	1458
	364.5
	405

	74
	64-QAM
	64-QAM
	16-QAM
	16-QAM
	¾
	20
	108
	6
	2160
	1620
	405
	450

	75
	64-QAM
	64-QAM
	64-QAM
	QPSK
	¾
	20
	108
	6
	2160
	1620
	405
	450

	76
	64-QAM
	64-QAM
	64-QAM
	16-QAM
	¾
	22
	108
	6
	2376
	1782
	445.5
	495


Appendix B – LDPC Matrix Definitions

(normative)

Table B.1 
Matrix prototypes of parity-check matrices for codeword block length n= 648 bits. 
Subblock size is Z= 27 bits.

(a)
Code rate R= 1/2.
0   -   -   -   0   0   -   -   0   -   -    0   1  0  -  -  -  -  -  -  -  -  -  -

22   0   -   -  17   -   0   0  12   -   -   -   -  0  0  -  -  -  -  -  -  -  -  -

 6   -   0   -  10   -   -   -  24   -   0   -   -  -  0  0  -  -  -  -  -  -  -  -

 2   -   -   0  20   -   -   -  25   0   -   -   -  -  -  0  0  -  -  -  -  -  -  -

23   -   -   -   3   -   -   -   0   -   9  11   -  -  -  -  0  0  -  -  -  -  -  -

24   -  23   1  17   -   3   -  10   -   -   -   -  -  -  -  -  0  0  -  -  -  -  -

25   -   -   -   8   -   -   -   7  18   -   -   0  -  -  -  -  -  0  0  -  -  -  -

13  24   -   -   0   -   8   -   6   -   -   -   -  -  -  -  -  -  -  0  0  -  -  -

 7  20   -  16  22  10   -   -  23   -   -   -   -  -  -  -  -  -  -  -  0  0  -  -

11   -   -   -  19   -   -   -  13   -   3  17   -  -  -  -  -  -  -  -  -  0  0  -

25   -   8   -  23  18   -  14   9   -   -   -   -  -  -  -  -  -  -  -  -  -  0  0

 3   -   -   -  16   -   -   2  25   5   -   -   1  -  -  -  -  -  -  -  -  -  -  0  

(b)

Code rate R= 2/3.

25  26  14  -   20  -   2   -   4   -   -   8   -   16  -   18  1  0  -  -  -  -  -  - 

10  9   15  11  -   0   -   1   -   -   18  -   8   -   10  -   -  0  0  -  -  -  -  - 

16  2   20  26  21  -   6   -   1   26  -   7   -   -   -   -   -  -  0  0  -  -  -  -  

10  13  5   0   -   3   -   7   -   -   26  -   -   13  -   16  -  -  -  0  0  -  -  -  

23  14  24  -   12  -   19  -   17  -   -   -   20  -   21  -   0  -  -  -  0  0  -  - 

6   22  9   20  -   25  -   17  -   8   -   14  -   18  -   -   -  -  -  -  -  0  0  - 

14  23  21  11  20  -   24  -   18  -   19  -   -   -   -   22  -  -  -  -  -  -  0  0 

17  11  11  20  -   21  -   26  -   3   -   -   18  -   26  -   1  -  -  -  -  -  -  0 

(c)

 Code rate R= 3/4.

16 17 22 24  9  3 14  - 4   2  7  - 26  -  2  - 21  -  1  0  -  -  -  -

25 12 12  3  3 26  6 21 -  15 22  - 15  -  4  - -  16  -  0  0  -  -  -

25 18 26 16 22 23  9  - 0   -  4  -  4  -  8 23 11  -  -  -  0  0  -  -

 9  7  0  1 17  -  -  7 3   -  3 23  - 16  -  - 21  -  0  -  -  0  0  -

24  5 26  7  1  -  - 15 24 15  -  8  - 13  - 13 -  11  -  -  -  -  0  0

 2  2 19 14 24  1 15 19  - 21  -  2  - 24  -  3 -   2  1  -  -  -  -  0

(d)

Code rate R= 5/6.

17 13  8 21  9  3 18 12 10  0  4 15 19  2  5 10 26 19 13 13  1  0  -  -

 3 12 11 14 11 25  5 18  0  9  2 26 26 10 24  7 14 20  4  2  -  0  0  -

22 16  4  3 10 21 12  5 21 14 19  5  -  8  5 18 11  5  5 15  0  -  0  0

 7  7 14 14  4 16 16 24 24 10  1  7 15  6 10 26  8 18 21 14  1  -  -  0

Table B.2 
Matrix prototypes of parity-check matrices for codeword block length n= 1296 bits. 
Subblock size is Z= 54 bits.

(a)
Code rate R= 1/2.
40   -   -   -  22   -  49  23  43   -   -   -   1  0  -  -  -  -  -  -  -  -  -  -
50   1   -   -  48  35   -   -  13   -  30   -   -  0  0  -  -  -  -  -  -  -  -  -
39  50   -   -   4   -   2   -   -   -   -  49   -  -  0  0  -  -  -  -  -  -  -  -
33   -   -  38  37   -   -   4   1   -   -   -   -  -  -  0  0  -  -  -  -  -  -  -
45   -   -   -   0  22   -   -  20  42   -   -   -  -  -  -  0  0  -  -  -  -  -  -
51   -   -  48  35   -   -   -  44   -  18   -   -  -  -  -  -  0  0  -  -  -  -  -
47  11   -   -   -  17   -   -  51   -   -   -   0  -  -  -  -  -  0  0  -  -  -  -
 5   -  25   -   6   -  45   -  13  40   -   -   -  -  -  -  -  -  -  0  0  -  -  -
33   -   -  34  24   -   -   -  23   -   -  46   -  -  -  -  -  -  -  -  0  0  -  -
 1   -  27   -   1   -   -   -  38   -  44   -   -  -  -  -  -  -  -  -  -  0  0  -
 -  18   -   -  23   -   -   8   0  35   -   -   -  -  -  -  -  -  -  -  -  -  0  0

49   -  17   -  30   -   -   -  34   -   -  19   1  -  -  -  -  -  -  -  -  -  -  0

(b)

Code rate R= 2/3.

39  31  22  43  -   40  4   -   11  -   -   50  -   -   -   6   1  0  -  -  -  -  -  -


25  52  41  2   6   -   14  -   34  -   -   -   24  -   37  -   -  0  0  -  -  -  -  -


43  31  29  0   21  -   28  -   -   2   -   -   7   -   17  -   -  -  0  0  -  -  -  -


20  33  48  -   4   13  -   26  -   -   22  -   -   46  42  -   -  -  -  0  0  -  -  -


45   7  18  51  12  25  -   -   -   50  -   -   5   -   -   -   0  -  -  -  0  0  -  -


35  40  32  16  5   -   -   18  -   -   43  51  -   32  -   -   -  -  -  -  -  0  0  -


9   24  13  22  28  -   -   37  -   -   25  -   -   52  -   13  -  -  -  -  -  -  0  0


32  22  4   21  16  -   -   -   27  28  -   38  -   -   -   8   1  -  -  -  -  -  -  0


(c)

 Code rate R= 3/4.

39 40 51 41  3 29  8 36  - 14  -  6  - 33  - 11  -  4  1  0  -  -  -  -
48 21 47  9 48 35 51  - 38  - 28  - 34  - 50  - 50  -  -  0  0  -  -  -
30 39 28 42 50 39  5 17  -  6  - 18  - 20  - 15  - 40  -  -  0  0  -  -
29  0  1 43 36 30 47  - 49  - 47  -  3  - 35  - 34  -  0  -  -  0  0  -
 1 32 11 23 10 44 12  7  - 48  -  4  -  9  - 17  - 16  -  -  -  -  0  0

13  7 15 47 23 16 47  - 43  - 29  - 52  -  2  - 53  -  1  -  -  -  -  0

(d)

Code rate R= 5/6.

48 29 37 52  2 16  6 14 53 31 34  5 18 42 53 31 45  - 46 52  1  0  -  -

17  4 30  7 43 11 24  6 14 21  6 39 17 40 47  7 15 41 19  -  -  0  0  -

 7  2 51 31 46 23 16 11 53 40 10  7 46 53 33 35  - 25 35 38  0  -  0  0

19 48 41  1 10  7 36 47  5 29 52 52 31 10 26  6  3  2  - 51  1  -  -  0

Table B.3 
Matrix prototypes of parity-check matrices for codeword block length n=1944 bits. 
Subblock size is Z = 81 bits.

(a)
Code rate R= 1/2.
57   -   -   -  50   -  11   -  50   -  79   -  1  0  -  -  -  -  -  -  -  -  -  - 

 3   -  28   -   0   -   -   -  55   7   -   -  -  0  0  -  -  -  -  -  -  -  -  - 

30   -   -   -  24  37   -   -  56  14   -   -  -  -  0  0  -  -  -  -  -  -  -  - 

62  53   -   -  53   -   -   3  35   -   -   -  -  -  -  0  0  -  -  -  -  -  -  - 

40   -   -  20  66   -   -  22  28   -   -   -  -  -  -  -  0  0  -  -  -  -  -  - 

 0   -   -   -   8   -  42   -  50   -   -   8  -  -  -  -  -  0  0  -  -  -  -  - 

69  79  79   -   -   -  56   -  52   -   -   -  0  -  -  -  -  -  0  0  -  -  -  - 

65   -   -   -  38  57   -   -  72   -  27   -  -  -  -  -  -  -  -  0  0  -  -  - 

64   -   -   -  14  52   -   -  30   -   -  32  -  -  -  -  -  -  -  -  0  0  -  - 

 -  45   -  70   0   -   -   -  77   9   -   -  -  -  -  -  -  -  -  -  -  0  0  - 

 2  56   -  57  35   -   -   -   -   -  12   -  -  -  -  -  -  -  -  -  -  -  0  0 

24   -  61   -  60   -   -  27  51   -   -  16  1  -  -  -  -  -  -  -  -  -  -  0

(b)

Code rate R= 2/3.

61  75   4  63  56   -   -   -   -   -   -   8   -   2  17  25   1  0  -  -  -  -  -  -  

56  74  77  20   -   -   -  64  24   4  67   -   7   -   -   -   -  0  0  -  -  -  -  -  

28  21  68  10   7  14  65   -   -   -  23   -   -   -  75   -   -  -  0  0  -  -  -  -  

48  38  43  78  76   -   -   -   -   5  36   -  15  72   -   -   -  -  -  0  0  -  -  -  

40   2  53  25   -  52  62   -  20   -   -  44   -   -   -   -   0  -  -  -  0  0  -  -  

69  23  64  10  22   -  21   -   -   -   -   -  68  23  29   -   -  -  -  -  -  0  0  -  

12   0  68  20  55  61   -  40   -   -   -  52   -   -   -  44   -  -  -  -  -  -  0  0  

58   8  34  64  78   -   -  11  78  24   -   -   -   -   -  58   1  -  -  -  -  -  -  0  

(c)

 Code rate R= 3/4.

48  29  28  39   9  61   -   -   -  63  45  80   -   -   -  37  32  22   1  0  -  -  -  - 

 4  49  42  48  11  30   -   -   -  49  17  41  37  15   -  54   -   -   -  0  0  -  -  - 

35  76  78  51  37  35  21   -  17  64   -   -   -  59   7   -   -  32   -  -  0  0  -  - 

 9  65  44   9  54  56  73  34  42   -   -   -  35   -   -   -  46  39   0  -  -  0  0  - 

 3  62   7  80  68  26   -  80  55   -  36   -  26   -   9   -  72   -   -  -  -  -  0  0 

26  75  33  21  69  59   3  38   -   -   -  35   -  62  36  26   -   -   1  -  -  -  -  0

(d)

Code rate R= 5/6.

13  48  80  66  4   74  7   30  76  52  37  60  -   49  73  31  74  73  23  -  1  0  -  -

69  63  74  56  64  77  57  65  6   16  51  -   64  -   68  9   48  62  54  27 -  0  0  -

51  15  0   80  24  25  42  54  44  71  71  9   67  35  -   58  -   29  -   53 0  -  0  0
16  29  36  41  44  56  59  37  50  24  -   65  4   65  52  -   4   -   73  52 1  -  -  0

Appendix C – Acronyms
	BPSK
	Binary Phase Shift Keying

	CS
	Cyclic Shift

	CSD
	Cyclic Shift Diversity

	ECC
	Error Correcting Code

	EPP
	Extended Phy Protection

	FEC
	Forward Error Correction

	GF
	Green Field

	GI
	Guard Interval

	HT
	High Throughput

	LDPC
	Low Density Parity Check

	LDPCC
	Low Density Parity Check Codes

	LSB
	Least Significant Bit

	LTF
	Long Training Field

	MCS
	Modulation and Coding Scheme

	MIMO
	Multiple Input Multiple Output

	MM
	Mixed Mode

	MSB
	Most Significant Bit

	OFDM
	Orthogonal Frequency Division Multiplexing

	PAPR
	Peak to Average Power Ratio 

	QAM
	Quadrature Amplitude Modulation

	QPSK
	Quadrature Phase Shift Keying

	STA
	Station

	STBC
	Space Time Block Codes

	STF
	Short Training Field

	TxBF
	Transmit Beam Forming
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� Packet is equivalent to PPDU in this document.


� This value used for HT duplicate mode
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