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1. Features of the proposal

This document represents the technical specification of Inprocomm’s partial proposal in response to the Call for Proposals by the 802.11 TGn on May 17. The proposal is targeted at the PHY layer using bandwidth of 20 MHz based on the assumption that the MAC efficiency is enhanced to be more than 60%. Under such an assumption, the MAC throughput of the PHY proposal could be reached up to 100 Mbps in Mandatory mode and up to 200 Mbps in Optional mode. In other words, the PHY data rate could be reached up to 167 Mbps and 333 Mbps in Mandatory and optional mode respectively. 

The PHY approach of the proposal: Multiple-Antenna-Signal-Space-DIversity-Coded OFDM (MASSDIC-OFDM) is extended from the OFDM technology specified in 802.11a standard with the following features:

· Transmission using multiple antennas (MA)

· The constellation size of modulation is extended from 64-QAM to 256-QAM.

· The number of subcarriers in an OFDM symbol is increased from 64 to 128.

· Only PHY data rates more than 53 Mbps are newly defined.

· Orthogonal space-frequency block coding is used to enhance system performance.

· The guard intervals are variable with respect to different data rates.

· A well known signal space diversity coding (SSDIC) technique called linear constellation precoding (LCP) is introduced as an option.

To enhance the PHY efficiency especially in MIMO case, the following features are also included in the proposal:

· No more overhead is needed for the PHY header.

· New preamble structures are designed.

· The maximum data length is extended to 65536 bytes.

A more powerful error control coding scheme using low parity check density code (LDPCC) is also proposed with the following properties:

· Coding rates of 1/2, 2/3, 3/4 are separately designed.

· Codeword shortening with hybrid code rate combination is proposed.

A new scheme to make use of the pad bits is also proposed:

The pad bits are put in front of the payload. Some pad bits are replaced with repeated information of the header in some conditions.
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3. Definitions

Header: A piece of information that defines all that the receiver needs to decode the received signal.

L mode: An access mode that is intended for a scenario that 802.11n devices communicate with legacy devices

LN mode: An access mode that is intended for a scenario that some of the devices are legacy and others are 802.11n. 

MIMO: Multiple input multiple output

N mode: An access mode that is intended for a scenario that all devices are 802.11n. 

OFDM: Orthogonal frequency division multiplexing

OFDM Symbol: An OFDM-modulated signal occupying an interval of time which consists of a lot of orthogonal subcarriers in the frequency domain.

Preamble: A part of the 802.11n PPDU dedicated for packet detection, synchronization, and channel estimation.

4. Abbreviations and acronyms

	Term
	Description

	CRC
	Cyclic Redundancy Check

	FCS
	Frame Check Sequence

	HCS
	Header Check Sequence

	HT
	High Throughput

	IFFT
	Inverse Fast Fourier Transform

	LCP
	Linear Constellation Precoding

	L SIG
	Legacy Signal

	L-STS
	Legacy Short Training Sequence

	LTS
	Long Training Sequence

	LDPCC
	Low Density Parity Check Code

	MAC
	Medium Access Controller

	MASSDIC
	Multiple Antenna Signal Space Diversity Coded

	MIMO
	Multiple Input Multiple Output

	MSDU
	MAC Service Data Unit

	NT
	Total Number of Transmit Antennas

	OFDM
	Orthogonal Frequency Division Multiplexing

	STBC
	Space Time Block Code

	PDM
	Physical Medium Dependent

	PHY
	Physical Layer

	PLCP
	PHY Layer Convergence Protocol

	PPDU 
	PHY Protocol Data Unit

	PSDU
	PHY Service Data Unit

	RX
	Receiver

	STS
	Short Training Sequence

	TGn
	802.11 Task Group n  - Enhancements for Higher Throughput

	TX
	Transmitter


5. MASSDIC-OFDM high throughput PHY specification

5.1 Overview

This clause describes the PHY specification for the multiple antenna signal space diversity coded OFDM (MASSDIC-OFDM) system. The specification includes definitions of preamble, header, scrambler, modulations and error control coding for various data rates. 
5.1.1 Introduction

The PHY data rate supports up to 167 Mbps in mandatory mode and up to 333 Mbps in optional mode. The MASSDIC-OFDM extended from the OFDM technology specified in 802.11a standard includes the following features:


  1. Transmission using multiple antennas (MA), also known as Multiple Input Multiple Output (MIMO), is adopted to significantly boost data rates without expanding the available 20 MHz bandwidth. Transmission using 2 independent data streams is mandatory while 3 and 4 are optional.

2. The constellation size of modulation is extended to 256-QAM to increase the bandwidth efficiency.

3. The number of subcarriers in an OFDM symbol is increased from 64 to 128 to gain guard interval efficiency.

4. Only PHY data rates more than 53 Mbps are newly defined while other data rates less than 54 Mbps are chosen to be identical to those defined in 802.11a.

5. For data rates identical to those defined in 802.11a, space-time block coding (STBC) scheme is used to enhance system performance.

6. Based on the fact that lower data rate operations are more likely to have longer channel delay spread due to possibly longer operation range, the guard intervals are variable with respect to different data rates to optimize the guard interval efficiency in different channel environments.

7. To enhance the performance of the OFDM technique in multipath fading channels without sacrificing data rates, a well known signal space diversity coding (SSDIC) technique suitable for OFDM called linear constellation precoding (LCP) is introduced as an option.

Due to the fact that the PHY overhead including preamble and header would degrade the overall PHY efficiency especially in higher data rate modes, e.g., 4x4 MIMO case, the following features are also adopted in the proposal:


8. No more overhead is needed for the PHY header, which has been embedded to the pilot tones of antenna 1 and 2 in the first OFDM symbol that conveys data.


9. New preamble structures are designed to minimize the overhead without sacrificing performance.


10. The maximum data length that can be addressed is extended from 4096 bytes as defined in 802.11a standard to 65536 bytes.

To maintain comparable operation range relative to that in 802.11a, a more powerful error control coding scheme using low density parity check code (LDPCC) is also proposed.  The proposed LDPCC has the following features:


11. Coding rates of 1/2, 2/3, 3/4 are separately designed with codeword length 2667 to optimize performance.


12. A new scheme to shorten codewords with hybrid code rate combination is proposed.

Because, it is very likely that the number of pad bits added to make the total OFDM symbols integral be so large to occupy more than 32 subcarriers, the approach to define the pad bits are modified to have the following feature:


13. The pad bits are put before the payload. If the number of pad bits is so large that more than 32 subcarriers are needed to convey them, 32 subcarriers in the first OFDM symbol are replaced with a repeated header. Then the new number of pad bits is recalculated to make the number of OFDM symbols in a packet integral. This feature enhances the robustness of the header with average probability 0.88 without adding any PHY overhead.

5.1.2 Frequency Bands of Operation

The radio frequency is operated on the 5 GHz bands as specified in subclause 17.3.8.3 in IEEE Std 802.11a, 1999 Edition.

5.1.3 Scope

This subclause describes the PHY services provided to the IEEE 802.11 wireless LAN MAC by the MASSDIC-OFDM system. The MASSDIC-OFDM PHY layer consists of the following protocol functions:

a) A PHY convergence function, which adapts the capabilities of the physical medium dependent (PMD) system to the PHY service. This function is supported by the physical layer convergence procedure (PLCP), which defines a method of mapping the IEEE 802.11 PHY sublayer service data units (PSDU) into a framing format suitable for sending and receiving user data and management information between two or more stations using the associated PMD system.

b) A PMD system whose function defines the characteristics and method of transmitting and receiving data through a wireless medium between two or more stations, each using the MASSDIC -OFDM PHY. 

5.1.4 MASSDIC-OFDM PHY functions

The MASSDIC-OFDM PHY architecture, operating in bands specified in 5.1.2, is depicted in the reference model shown in Figure 11 of IEEE Std 802.11, 1999 Edition (5.8). The PHY contains three functional entities: the PMD function, the PHY convergence function, and the layer management function. Each of these functions is described in 17.1.2.1 through 17.1.2.4 in IEEE Std 802.11a, 1999 Edition.
5.2 MASSDIC-OFDM PLCP sublayer

5.2.1 Introduction

This subclause provides a convergence procedure for PSDUs to be converted to and from PPDUs during transmission and reception. During transmission, the PSDU shall follow a PLCP preamble and header to form the PPDU. During reception, the preamble and header are processed to aid in the demodulation and delivery of the PSDU.

It is assumed that the MAC layer has successfully dealt with the backward compatibility issue in LN mode scenario. In this case, an N mode PLCP frame format is used during communication. Alternatively, an LN mode PLCP frame format is specifically designed to make legacy devices recognize the HT signal as if it were a legal legacy signal for medium reservation.
5.2.2 PLCP frame format

The PPDU format in L mode is identical to that shown in Figure 107 in IEEE Std 802.11a, 1999 Edition and the preamble is specified in 17.3.3 in IEEE Std 802.11a, 1999 Edition except that all transmission antennas transmit the same preamble.
The PPDU format in N mode is shown in Figure 1 consisting of a PLCP preamble, a PLCP header, possibly pad bits with a repeated header, and PSDU.

The PLCP preamble is composed of 10 short training sequences and 2 long training sequences. The format of the PLCP preamble is defined in subclause 5.2.4 for each mode of operation.
The PLCP header is composed of 64 bits of information in which 8 subparts are defined, including configurations, and length-related parameters for PPDU transmission. The PLCP header is coded with code rate R=1/2 defined in subclause 17.3.5.5 in IEEE Std 802.11a, 1999 Edition. The details of the PLCP header are specified in 5.2.5. 

The PSDU is composed of a payload ranging from 1 to 65536 bytes, an FCS using CRC-16, and possibly pad bits. The pad bits are appended if necessary to make total transmission OFDM symbols integral. A repeated header is substituted for the front-most pad bits if the number of pad bits is large enough to occupy more than 32 subcarriers.
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Figure 1 ─ PPDU Frame Format for N mode

The PPDU format in LN mode is shown in Figure 2 consisting of a PLCP preamble, a legacy signal symbol (denoted by L SIGNAL), a PLCP header, possibly pad bits with a repeated header, and PSDU.

In N mode access, the PLCP preamble is composed of 10 short training sequences and 2 long training sequences. The format of the PLCP preamble is defined in subclause 5.2.4.1 for each mode of operation.

In LN mode access, a legacy signal symbol, L SIGNAL, identical to the SIGNAL field defined in subclause 17.3.4 of IEEE Std 802.11a, 1999 Edition except that the reserved bit in the SIGNAL field shall be set to 1 in order to tell a MASSDIC-OFDM transmission from a legacy OFDM transmission. The rule for transmitting L SIGNAL for each antenna is specified in 5.2.4.2. The time interval when the medium will be occupied by the MASSDIC-OFDM PPDU transmission is signaled to legacy stations via the LENGTH and RATE fields of the L Signal symbol.
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Figure 2 ─ PPDU Frame Format for LN mode

5.2.2.1 Rate-dependent parameters and timing related parameters

There are totally 29 data rates defined in this proposal. Among those data rates, 8 data rates, including 6, 9, 12, 18, 24, 36, 48, 54 Mbps are identical to those defined in IEEE Std 802.11a, 1999 Edition; 7 data rates, including 53, 70, 79, 105, 125, 148, and 167 Mbps are mandatory HT data rates spatial-multiplexed transmitted via 2 antennas; Other 14 data rates, including 80, 105, 118, 158, 188, 222, 250 Mbps are optional HT data rates spatial-multiplexed transmitted via 3 antennas, while 106, 140, 158, 211, 250, 296, and 333 Mbps are optional HT data rates spatial-multiplexed transmitted via 4 antennas. The details of the HT and legacy parameters are specified in subclauses 5.2.2.1.1 and 5.2.2.1.2 respectively.
5.2.2.1.1 HT parameters
Only data rates more than 53 Mbps are defined in HT access. The rate-dependent and timing related parameters for NT=2, 3, and 4 are listed in Table 1, 2, and 3 respectively. In addition, the subcarrier spacing is F=20/128=0.1563 MHz.
Table 1 ─ Rate-dependent and timing related parameters for NT=2
	Rate Code
	011111
	010101
	010111
	011001
	011011
	010001
	010011

	Info.Data Rate Mbps
	53
	70
	79
	105
	125
	148
	167

	QAM Constellation
	16
	16
	16
	64
	64
	256
	256

	Coded bits per subcarrier per antenna (NBPSC)
	4
	4
	4
	6
	6
	8
	8

	Coding Rate (R)
	1/2
	2/3
	3/4
	2/3
	3/4
	2/3
	3/4

	Number of Pilot Tones (NSP)
	16
	16
	16
	16
	16
	16
	16

	Number of Data Tones (NSD)
	100
	100
	100
	100
	100
	100
	100

	Coded bits per MA-OFDM symbol (NCBPS)
	800
	800
	800
	1200
	1200
	1600
	1600

	Data bits per MA-OFDM symbol (NDBPS)
	400
	533
	600
	800
	900
	1067
	1200

	Info. Length s
(TFFT)
	6.4
	6.4
	6.4
	6.4
	6.4
	6.4
	6.4

	Cyclic Prefix s
(TGI)
	1200
	1200
	1200
	1200
	800
	800
	800 

	Number of Null Tones
	12
	12
	12
	12
	12
	12
	12

	Symbol Length s (TSYM)
	7.6
	7.6
	7.6
	7.6
	7.2
	7.2
	7.2


Table 2 ─ Rate-dependent and timing related parameters for NT=3
	Rate Code
	101111
	100101
	100111
	101001
	101011
	100001
	100011

	Info.Data Rate Mbps
	80
	105
	118
	158
	188
	222
	250

	QAM Constellation
	16
	16
	16
	64
	64
	256
	256

	Coded bits per subcarrier per antenna (NBPSC)
	4
	4
	4
	6
	6
	8
	8

	Coding Rate (R)
	1/2
	2/3
	3/4
	2/3
	3/4
	2/3
	3/4

	Number of Pilot Tones (NSP)
	16
	16
	16
	16
	16
	16
	16

	Number of Data Tones (NSD)
	100
	100
	100
	100
	100
	100
	100

	Coded bits per MA-OFDM symbol (NCBPS)
	1200
	1200
	1200
	1800
	1800
	2400
	2400

	Data bits per MA-OFDM symbol (NDBPS)
	600
	800
	900
	1200
	1350
	1600
	1800

	Info. Length s
(TFFT)
	6.4
	6.4
	6.4
	6.4
	6.4
	6.4
	6.4

	Cyclic Prefix s
(TGI)
	1200
	1200
	1200
	1200
	800
	800
	800 

	Number of Null Tones
	12
	12
	12
	12
	12
	12
	12

	Symbol Length s (TSYM)
	7.6
	7.6
	7.6
	7.6
	7.2
	7.2
	7.2


Table 3 ─ Rate-dependent and timing related parameters for NT=4
	Rate Code
	111111
	110101
	110111
	111001
	111011
	110001
	110011

	Info.Data Rate Mbps
	106
	140
	158
	211
	250
	296
	333

	QAM Constellation
	16
	16
	16
	64
	64
	256
	256

	Coded bits per subcarrier per antenna (NBPSC)
	4
	4
	4
	6
	6
	8
	8

	Coding Rate (R)
	1/2
	2/3
	3/4
	2/3
	3/4
	2/3
	3/4

	Number of Pilot Tones (NSP)
	16
	16
	16
	16
	16
	16
	16

	Number of Data Tones (NSD)
	100
	100
	100
	100
	100
	100
	100

	Coded bits per MA-OFDM symbol (NCBPS)
	1600
	1600
	1600
	2400
	2400
	3200
	3200

	Data bits per MA-OFDM symbol (NDBPS)
	800
	1067
	1200
	1600
	1800
	2133
	2400

	Info. Length s
(TFFT)
	6.4
	6.4
	6.4
	6.4
	6.4
	6.4
	6.4

	Cyclic Prefix s
(TGI)
	1200
	1200
	1200
	1200
	800
	800
	800 

	Number of Null Tones
	12
	12
	12
	12
	12
	12
	12

	Symbol Length s (TSYM)
	7.6
	7.6
	7.6
	7.6
	7.2
	7.2
	7.2


5.2.2.1.2 Legacy parameters 

Data rates for 802.11a Legacy access, including 6, 9, 12, 18, 24, 32, 48, and 54 Mbps, are specified in subclauses 17.3.2.2 and 17.3.2.3 in IEEE Std 802.11a, 1999 Edition. Legacy data rates can be operated in any access modes as specified in 5.2.2.1.2.1 and 5.2.2.1.2.2.

5.2.2.1.2.1 L mode

In L mode access, all transmission antennas transmit the same data streams.
5.2.2.1.2.2 N and LN mode
In N and LN mode access, the data stream is coded by STBC specified in subclause 5.2.7.
5.2.3 MASSDIC-OFDM TX architecture

The TX architecture for minatory mode of the MASSDIC-OFDM is illustrated in Figure 3. First, the PSDU plus pad bits are input to the scrambler described in 5.2.6.4. Then, the scrambled bit streams are encoded by LDPCC specified in 5.2.6.5. The encoded data is then interleaved according to 5.2.6.6 if the option of the interleaver is on. After that, the bit stream is QAM mapped to different constellation according to the data rate. The modulated signals are then coded with LCP and subcarrier grouping as specified in 5.2.6.10. After that, the data stream is spatially multiplexed to 2 data substreams, each of which is passed to a 128 IFFT block followed by cyclic prefix extension with respect to different guard intervals for different data rates. Then the base band signals are input to RF parts for transmission by 2 antennas. 


[image: image3]
Figure 3 ─ MASSDIC-OFDM TX architecture
5.2.4 PLCP preamble (SYNC)

The PLCP preamble filed is used for synchronization, including signal detection, auto gain controlling, frame boundary estimation, frequency and timing offset estimation, and channel estimation. Two different types of preambles are specified in subclauses, 5.2.4.1 and 5.2.4.2 for N mode and LN mode operations respectively. 
5.2.4.1 N mode Preamble
In N mode access, preambles are designed to optimize the PHY efficiency without sacrificing performance. The preamble structure in N mode for NT=2, 3, 4 are depicted in Figure 4, Figure 5, and Figure 6 respectively. 
5.2.4.1.1 N mode Preamble for NT=2
Figure 4 shows the preamble structure in N mode for NT=2. The preamble is composed of 10 short training sequences (STS) and 1 long training sequence (LTS) indexed according to the antenna number in the figure. STS1 and STS2 are generated as follows:

1. Generate time domain signals s1 and s2 from frequency domain signals S1 and S2 given by (2)

 respectively via 128-IFFT.
(1)

 and 
2. Take the first 16 samples of s1 and s2, namely u1 and u2.

3. Get unity x1 and x2 via Gram-Schmidt procedure from u1 and u2.

4. Set [image: image4.wmf]11

29/56

vx

=

 and [image: image5.wmf]22

29/56

vx

=

 . 
5. The STS1 and STS2 in Figure 4 are derived respectively by repeating six v1 and v2 followed by four repeated -v1 and -v2
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Figure 4 ─ Preamble structure in N mode for NT=2
For long training sequences, LTS1 and LTS2 are generated as follows:
1. Define a basic signal L from (3)

.
2. L1 and L2 are derived from L by (5)

 respectively, where the notation (a:b:c) means (starting index: step value: ending index).
(4)

 and 
3. Generate time domain signals LTS1 and LTS2 from frequency domain signals L1 and L2 respectively via 128-IFFT.



[image: image9.wmf]{

58,58

21,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1

,1,1,1,1,1,1,1,1,0,

1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,

1,1,1,1,1,1,1,1}

L

-

=----------

---------------


 MACROBUTTON MTPlaceRef \* MERGEFORMAT (3)



[image: image10.wmf]1

1

1

(58:2:2)(58:2:2)

(2:2:58)(2:2:58)

(other terms)0

LL

LL

L

ì

--=--

ï

ï

=

í

ï

=

ï

î


 MACROBUTTON MTPlaceRef \* MERGEFORMAT (4)



[image: image11.wmf]2

2

2

(57:2:1)(57:2:1)

(1:2:57)(1:2:57)

(other terms)0

LL

LL

L

ì

--=--

ï

ï

=

í

ï

=

ï

î


 MACROBUTTON MTPlaceRef \* MERGEFORMAT (5)

5.2.4.1.2 N mode Preamble for NT=3
Figure 5 shows the preamble structure in N mode for NT=3. The preamble is composed of 10 short training sequences (STS) and 1 long training sequence (LTS) indexed according to the antenna number in the figure. STS1, ST2 and STS3 are generated as follows:

1. Generate time domain signals s1, s2, and s3 from frequency domain signals S1, S2, and S3 given by (7)

 respectively via 128-IFFT.
(6)

, and (1)

, 
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2. Take the first 16 samples of s1 , s2, and s3, namely u1, u2 , and u3.

3. Get unity x1, x2, and x3 via Gram-Schmidt procedure from u1, u2, and u3.

4. Set [image: image14.wmf]11
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5. The STS1 to STS3 in Figure 5 are derived respectively by repeating six v1, v2, and v3 followed by four repeated -v1, -v2, and –v3.
For long training sequences, LTS1 to LTS3 are generated as follows:
1. Define a basic signal L from (3)


2. L1 to L3 are derived from L by (10)

 respectively, where the notation (a:b:c) means (starting index: step value: ending index).
(9)

, and (8)

, 
3. Generate time domain signals LTS1 to LTS3 from frequency domain signals L1 to L3 respectively via 128-IFFT.
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Figure 5 ─ Preamble structure in N mode for NT=3
5.2.4.1.3 N mode Preamble for NT=4
Figure 6 shows the preamble structure in N mode for NT=4. The preamble is composed of 10 short training sequences (STS) and 1 long training sequence (LTS) indexed according to the antenna number in the figure. STS1 to STS4 are generated as follows:

1. Generate time domain signals s1, s2, s3, and s4 from frequency domain signals S1, S2, S3, and S4 given by (12)

 respectively via 128-IFFT.
(11)

, and (2)

, (1)

, 
2. Take the first 16 samples of s1 to s4, namely u1 to u4.
3. Get unity x1 to x4 via Gram-Schmidt procedure from u1 to u4.
4. Set [image: image21.wmf]29/56

ii
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 for each i.
5. The STS1 to STS4 in Figure 6 are derived respectively by repeating six v1, v2, v3, and v4 followed by four repeated -v1, -v2, –v3 , and –v4.
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For long training sequences, LTS1 to LTS4 are generated as follows:
1. Define a basic signal L from (3)

.
2. L1 to L4 are derived from L by (16)

 respectively, where the notation (a:b:c) means (starting index: step value: ending index).
(13)

 to 
3. Generate time domain signals LTS1 to LTS4 from frequency domain signals L1 to L4 respectively via 128-IFFT.
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Figure 6 ─ Preamble structure in N mode for NT=4
5.2.4.2 LN mode Preamble
The preamble structure in LN mode for NT=2, 3, 4 are respectively depicted Figure 7, Figure 8, and Figure 9. In LN mode access, preambles are designed to be recognized by legacy devices. Therefore, a Legacy SIGNAL field is appended after the LTS field.
5.2.4.2.1 LN mode Preamble for NT=2
Figure 7 shows the preamble structure in N mode for NT=2. The preamble is composed of 10 short training sequences (STS) and 1 long training sequence (LTS) indexed according to the antenna number in the figure. The STSs are generated as follows:

1. The L-STS in antenna 1 is identical to the legacy STS field specified in subclause 17.3.3 in IEEE Std 802.11a, 1999 Edition.
2. Right circular shift the L-STS in antenna 1 by 400 ns to form the STS in antenna 2.

For long training sequences, LTS1 and LTS2 are identical to those defined in subclause 5.2.4.1.1.

For the Legacy SIGNAL field, the L SIG in antenna 1 is identical to that defined in 17.3.4 in IEEE Std 802.11a, 1999 Edition. The L SIG in antenna 2 is obtained by right circular shifting the L SIG in antenna 1 by 800 ns.
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Figure 7 ─ Preamble structure in LN mode for NT=2
5.2.4.2.2 LN mode Preamble for NT=3
Figure 8 shows the preamble structure in N mode for NT=3. The preamble is composed of 10 short training sequences (STS) and 1 long training sequence (LTS) indexed according to the antenna number in the figure. The STSs are generated as follows:

1. The L-STSs in antenna 1 and 2 are identical to those defined in 5.2.4.2.1.
2. Right circular shift the L-STS in antenna 1 by 600 ns to form the L-STS in antenna 3.

For long training sequences, LTS1 to LTS3 are generated as follows:
1. Generate time domain signal LTS1 from 
[image: image30.wmf]1

2
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, where the frequency domain signal L1 is defined in (4)

 via 128-IFFT.

2. Right circular shift the LTS1 in antenna 1 by 800 ns and 1200ns respectively to form LTS2 and LTS3.
For the Legacy SIGNAL field, the L SIG in antenna 1 and 2 are identical to those defined in 5.2.4.1.1. The L SIG in antenna 3 is obtained by right circular shifting the L SIG in antenna 1 by 600 ns.
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Figure 8 ─ Preamble structure in LN mode for NT=3
5.2.4.2.3 LN mode Preamble for NT=4
Figure 9 shows the preamble structure in N mode for NT=4. The preamble is composed of 10 short training sequences (STS) and 1 long training sequence (LTS) indexed according to the antenna number in the figure. The STSs are generated as follows:

1. The L-STS in antenna 1 and 2 is identical to those defined in 5.2.4.2.1.
2. Right circular shift the L-STS in antenna 1 by 600 ns and 200 ns respectively to form the L-STSs in antenna 3 and 4.

For long training sequences, LTS1 to LTS4 are identical to those defined in subclause 5.2.4.1.3.
For the Legacy SIGNAL field, the L SIG in antenna 1 and 2 are identical to those defined in 5.2.4.1.1. The L SIGs in antenna 3 and 4 are obtained by right circular shifting the L SIG in antenna 1 by 400 ns and 600ns respectively.
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Figure 9 ─ Preamble structure in LN mode for NT=4
5.2.5 PLCP header

The PLCP header is encoded by R=1/2 convolutional code as specified in subclause 17.3.5.5 in IEEE Std 802.11a 1999 Edition and then is 16-QAM modulated and substituted for the pilot tones of the first OFDM symbol in the first 2 antennas. The PLCP header is not scrambled. The PLCP header is composed of 64 bits of information in which 8 subparts are defined, including configurations, and length-related parameters for PPDU transmission. The bit assignment for the PLCP header is defined in Figure 10. 
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Figure 10 ─ PLCP header bit assignment
5.2.5.1 Data Rate (RATE)

As shown in Figure 10, b0 to b5 in RATE field shall encode the PHY data rate defined in 5.2.2.1. 

5.2.5.2 Reserved (R), Interleaver (I) and Header Tail (TAIL)

In Figure 10, b6 and b7 in R field shall be reserved for further applications and b9 shall indicate the use of interleaver with 1 indicating the interleaver is on. The last 6 bits b58 to b63 in the TAIL field are set to zero.
5.2.5.3 Service field (SERVICE)

The b26 through b41 shown in Figure 10 define the service field. The specification for the service field is identical to that specified in subclause 17.3.5.1 in IEEE Std 802.11a, 1999 Edition.
5.2.5.4 PLCP length field 

The PLCP length field shall be an unsigned 16-bit integer indicating the number of octets in the payload in Figure 1 that the MAC is currently requesting the PHY to transmit. In Figure 10, b10 to b25 in the LENGTH field shall encode the length of the payload in PSDU, with the least significant bit (LSB) being transmitted first.

5.2.5.5 CCITT CRC-16 for the HCS
In Figure 10, b42 to b57 in the HCS field is the header check sequence for b0 to b41. The PLCP header shall be protected with HCS via the CCITT V.41 standard, CRC-16. The HCS shall be the ones complement of the remainder by operating the modulo-2 division of the PLCP header with the polynomial: [image: image34.wmf]16125
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. The structure for implementing the CCITT CRC-16 is shown in Figure 11, where all the registers are preset to all ones and [image: image35.wmf]16
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 is outputted first.
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Figure 11 ─ CCITT CRC-16 structure
5.2.6 Data field
The data field contains PSDU, possibly repeated header, FCS, and the pad bits, as described below.
5.2.6.1 Pad bits (PAD) 
The additional pad bits are added such that the number of OFDM symbol, NSYM, is an integer. The pad bits are computed in terms of the length of the PSDU (LENGTH) as the following steps.
First, we have to compute NPADI, the number of pad bits such that the number of codeword NC is an integer. The pad bits are computed as follows:
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where NB is the codeword block size and 
[image: image39.wmf]R'

 is the changed code rate of the last codeword as described in Table 5. Note that the NPADI bits are not transmitted.
Next, we need to calculate NPAD, the number of pad bits such that the number of coded bits becomes a multiple of NCBPS.
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The pad bits are randomly generated with equal probability of ones and zeros.
5.2.6.2 Repeated header
If the number of pad bits 
[image: image42.wmf]PADBPSC
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, then a 16-QAM modulated repeated header is sequentially inserted into the 16 data subcarriers {d53, d59, d65, d71, d78, d84, d90, d96, d3, d9, d15, d21, d28, d34, d40, d46} of the 2nd  antenna and the 16 data subcarriers {d53, d59, d65, d71, d78, d84, d90, d96, d3, d9, d15, d21, d28, d34, d40, d46} of the 1st antenna. Then the number of pad bits is recalculated by the following equation: 
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5.2.6.3 Frame check sequence 
The payload is protected by the frame check sequence via the same CRC-16 structure as described in 5.2.5.5.
5.2.6.4 PLCP DATA scrambler and descrambler 

The data field composed of PSDU and the pad bits shall be scrambled with a length-127 frame-synchronous scrambler. The scrambler and descrambler use the following generator polynomial:
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which is the same as that in IEEE Std 802.11a, 1999 Edition, as illustrated in Figure 12. The sequences generated by this scrambler are (00001110 11110010 11001001 00000010 00100110 00101110 10110110 00001100 11010100 11100111 10110100 00101010 11111010 01010001 10111000 1111111) with period 127 and the initial state is “all ones”.

[image: image45]
Figure 12 ─ Data scrambler

5.2.6.5 Low density parity check codes (LDPCC)
5.2.6.5.1 LDPCC overview

An LDPCC is an [image: image46.wmf](,)
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 block code with a sparse parity check matrix of size [image: image47.wmf]MN
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Here, we choose systematic encoding. Thus the codeword can be written as
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where [image: image53.wmf]u

 = [image: image54.wmf]01
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 is the parity check bits. And we can separate [image: image57.wmf]H

 into two parts as follows:
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where [image: image59.wmf]u

H

 is an [image: image60.wmf]MK

´

 matrix corresponding to the information bits of the codeword. And [image: image61.wmf]p
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 is an [image: image62.wmf]MM
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 square matrix corresponding to the parity check bits of the codeword. Hence the codeword is satisfied with the following equation:
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Under binary operation, we have
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)

1

pu

-

=

pHHu

.













 MACROBUTTON MTPlaceRef \* MERGEFORMAT (26)

The generator matrix is 
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For extended irregular repeat-accumulate (eIRA) codes, [image: image66.wmf]u

H

 is randomly generated to ensure low BER through the density evolution algorithm and [image: image67.wmf]p
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 is a “twin diagonal” matrix designed for efficient encoding. The structure is 
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Then, the inverse of [image: image69.wmf]p

H

 is a full lower-triangular matrix. The inverse operation of [image: image70.wmf]p

H

 can be implemented as a differential encoder as shown in Figure 13.
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Figure 13 ─ FEC encode structure

For detail of [image: image72.wmf]u

H

 please refer to 802.11-04/1018.
5.2.6.5.2 Code rates and shortened code
The data field composed of PSDU and the pad bits shall be coded with an LDPC encoder of the desired coding rate. For various protections of data or different requirements of transmission throughput, there are three rates provided: 3/4, 2/3 and 1/2 in Table 4 .

Table 4 ─ Provided codeword rates

	
	N
	M
	K

	R=1/2
	2676
	1338
	1338

	R=2/3
	2676
	892
	1784

	R=3/4
	2676
	692
	2007


When encoding the information data, we divide the data filed into several blocks with the desired size 
[image: image73.wmf]K

, and encode each block with the LDPC encoder. However, the size of data is not always a multiple of 
[image: image74.wmf]K

. Hence, we need a method to encode the remainder information data. Furthermore, for shorter information bits, we encode them by padding zeros. Here, a short information block with size [image: image75.wmf]'
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 information bits with zeros. Then the new information block is [image: image77.wmf]u
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Figure 14 ─ Short information block
In addition, for shorter information block sizes, it may not be efficient to encode them in the original code rate. Hence, we support a simple switch rate algorithm to enhance the transmission efficiency. We decide a threshold of information block size [image: image85.wmf]th

K

 by simulation. If the block size [image: image86.wmf]'

K

 is smaller than [image: image87.wmf]th

K

, we replace the original rate with a higher one to reduce the number of parity check bits.

Table 5 ─ The threshold of rate switch for codeword shortening
	The original code rate
	The threshold of 

information bit ([image: image88.wmf]th

K

)
	The changed code rate

	R=1/2
	850
	R=2/3

	
	480
	R=3/4

	R=2/3
	1000
	R=3/4


5.2.6.6 Space-frequency interleaving
For multiple TX antennas, space-frequency interleaver is considered. First, the data bits are interleaved by a block interleaver with block size corresponding to NCBPS and NT such that the data bits are permuted across all bit positions of the constellation and across subcarriers. Next, we use the OFDM-symbol-level multiplexing method to permute the data bits across all TX antennas. 
5.2.6.6.1 Bit interleaver

The block interleaver can be obtained by the following two permutations. Denote by k the index before the first permutation; i the index after the first permutation and before the second permutation; and j the index after the second permutation. 

The first permutation can be described as 
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The second permutation can be described as
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The deinterleaver can be also obtained by the following two permutations. Denote by i the index before the first permutation; j the index after the first permutation and before the second permutation; and k the index after the second permutation.
The first permutation can be described as 
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where s is defined in Equation (30)

.

The second permutation can be described as
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5.2.6.6.2 OFDM-symbol-level multiplexing 

Let [image: image98.wmf]p

 be the permutation such that the 
[image: image99.wmf]i

p

th input bit becomes the ith bit after bit interleaving. Denote by [image: image100.wmf](,)
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 the index of the input bit which is placed at the ith bit position in the jth TX antenna after space-frequency interleaving. The relationship between [image: image101.wmf]p

 and [image: image102.wmf](,)
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 can be illustrated as the following equation:
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where [image: image104.wmf]CBPS
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.

The OFDM-symbol-level multiplexing scheme is shown in Figure 15.


[image: image106]
Figure 15 ─ OFDM-symbol-level multiplexing scheme

5.2.6.7 Subcarrier modulation mapping
The subcarriers are modulated by using BPSK, QPSK, 16-QAM, 64-QAM, or 256-QAM modulation. The mappings are Gray-coded, as shown in Figure 16. To normalize the constellations to an average power of 1, each constellation point is multiplied by the normalization factor, KMOD listed in Table 6. The output value d is described as the following equation:
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For BPSK, b0 determines the I value and Q is zero. For QPSK, b0 determines the I value and b1 determines the Q value. For 16-QAM, b0b1 determines the I value and b2b3 determines the Q value. For 64-QAM, b0b1b2 determines the I value and b3b4b5 determines the Q value. For 256-QAM, b0b1b2b3 determines the I value and b4b5b6b7 determines the Q value. The corresponding mappings are illustrated in Table 7 to Table 11.
Table 6 ─ Modulation-dependent normalization factor KMOD 

	Modulation
	KMOD

	BPSK
	1

	QPSK
	[image: image108.wmf]1/2



	16-QAM
	[image: image109.wmf]1/10



	64-QAM
	[image: image110.wmf]1/42



	256-QAM
	[image: image111.wmf]1/170
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Figure 16 ─ BPSK, QPSK, 16-QAM, 64-QAM, and 256-QAM constellation bit encoding
Table 7 ─ BPSK encoding table

	Input bits (b0)
	I-out
	Q-out

	0
	-1
	0

	1
	1
	0


Table 8 ─ QPSK encoding table

	Input bits (b0)
	I-out
	
	Input bits (b1)
	Q-out

	0
	-7
	
	0
	-7

	1
	-5
	
	1
	-5


Table 9 ─ 16-QAM encoding table

	Input bits (b0b1)
	I-out
	
	Input bits (b2b3)
	Q-out

	00
	-3
	
	00
	-3

	01
	-1
	
	01
	-1

	11
	1
	
	11
	1

	10
	3
	
	10
	3


Table 10 ─ 64-QAM encoding table

	Input bits (b0b1b2)
	I-out
	
	Input bits (b3b4b5)
	Q-out

	000
	-7
	
	000
	-7

	001
	-5
	
	001
	-5

	011
	-3
	
	011
	-3

	010
	-1
	
	010
	-1

	110
	1
	
	110
	1

	111
	3
	
	111
	3

	101
	5
	
	101
	5

	100
	7
	
	100
	7


Table 11 ─ 256-QAM encoding table

	Input bits (b0b1b2b3)
	I-out
	
	Input bits (b4b5b6b7)
	Q-out

	0000
	-15
	
	0000
	-15

	0001
	-13
	
	0001
	-13

	0011
	-11
	
	0011
	-11

	0010
	-9
	
	0010
	-9

	0110
	-7
	
	0110
	-7

	0111
	-5
	
	0111
	-5

	0101
	-3
	
	0101
	-3

	0100
	-1
	
	0100
	-1

	1100
	1
	
	1100
	1

	1101
	3
	
	1101
	3

	1111
	5
	
	1111
	5

	1110
	7
	
	1110
	7

	1010
	9
	
	1010
	9

	1011
	11
	
	1011
	11

	1001
	13
	
	1001
	13

	1000
	15
	
	1000
	15


5.2.6.8 Pilot subcarrier 
In each OFDM symbol, 16 of the subcarriers are dedicated to pilot signals in order to make coherent detection robust against frequency offsets and phase noise. These pilot signals shall be put in subcarriers –58, -57, –55, –45, –35, –25, –15 –5, 5, 15, 25, 35, 45, 55, 57 and 58. The contribution due to the pilot subcarriers for the nth OFDM symbol is produced by Fourier transform of sequence P, given by 
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The polarity of the pilot subcarriers is controlled by the sequence, pn, which is a cyclic extension of the 127 elements sequence and is given by
[image: image115.wmf]0...126v
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One element of this sequence is used for one OFDM symbol.
5.2.6.9 MIMO-OFDM modulation 

The nth OFDM symbol for the ith antenna can be written as
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where NSD is the number of data subcarriers, NST is the number of total subcarriers, and the  mapping function [image: image117.wmf]()

Mk

is defined as
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The subcarrier frequency allocation is shown in Figure 17

 REF _Ref64084646 \h 
 \* MERGEFORMAT . To avoid difficulties in D/A and A/D converter offsets and carrier feedthrough in the RF system, the subcarrier falling at DC (0th subcarrier) is not used.

[image: image119]
Figure 17 ─ Subcarrier frequency allocation
The concatenation of NSYM OFDM symbols can now be written as
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5.2.6.10 Linear constellation precoding (optional)
5.2.6.10.1 Linear constellation precoding construction
Linear constellation precoding (LCP) is described by the [image: image121.wmf]KK

´

 matrix [image: image122.wmf]Q

 with entries over the complex field satisfying the transmit power constraint[image: image123.wmf]tr()
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. In this proposal, 
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 is adopted and the precoding matrix is given by
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5.2.6.10.2 Subcarrier grouping 

Denote by d0~d99 the data subcarriers of the 1st antenna, d100~d199 the data subcarriers of the 2nd antenna, d200~d299 the data subcarriers of the 3rd antenna, and d300~d399 the data subcarriers of the 4th antenna. The total number of data subcarriers for [image: image126.wmf]TT
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´

 MIMO system is [image: image127.wmf]TSD
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. We further define the subcarrier selector matrix as 
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where [image: image130.wmf]TSD
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The linear precoded signal [image: image135.wmf]precoded

x

can be expressed as

[image: image136.wmf]TSD

NN/4

1

T

precodedmm

m

xx

=

=YQY

å

,












 MACROBUTTON MTPlaceRef \* MERGEFORMAT (40)

where [image: image137.wmf]TSD
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The subcarrier grouping is illustrated in Figure 7.
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Figure 18 ─ Subcarrier grouping for LCP
5.2.7 Space Time Block Code (STBC)
When HT devices are communicating using legacy data rates, Space Time Block Code is used for performance enhancement.

5.2.7.1 STBC for NT=2 and 3

For NT=2, there exists an orthogonal STBC with rate 1. And the square transmission matrix 
[image: image141.wmf]2
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 is shown in (41)
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where 
[image: image143.wmf]1

x

 and  
[image: image144.wmf]2

x

 are two OFDM symbols, 
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 means the OFDM symbol whose each subcarrier symbol is the conjugate of the one in 
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, and 
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 means the OFDM symbol whose each subcarrier symbol is the minus of the one in 
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. Assume there are two OFDM symbols 
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 and 
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 transmitted. At the first time slot, we transmit 
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 and 
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 in the first and second antennas. At the second time slot, we transmit 
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For NT=3, the transmission matrix is in (42)

. However, if we want to keep the rate 1, all possible transmission matrices will lose the orthogonal relation between each row. And we use the similar method in NT=2 to transmit the OFDM symbols.
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5.2.7.2 STBC for NT=4
For NT=4, there does not exist any orthogonal matrix for rate 1. Hence, we construct the matrix 
[image: image156.wmf]4
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 by repeating 
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 format. The transmission matrix 
[image: image158.wmf]4

X

 is shown in (44)
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