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Abstract

This document presents modifications to the physical layer specification IEEE 802.11a-1999. The main modifications are i) a multiple antenna extension based on combinations of Spatial Division Multiplexing and Space Time Block Coding, ii) an optional second OFDM modulation using 104 data subcarriers among 128 in 20MHz or 40MHz bandwidth and iii) an advanced forward error correction scheme relying on turbo codes. An additional puncturing pattern introducing a 5/6 code rate is also considered. 
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Abbreviations, acronyms and definitions

1.1 Abbreviations and acronyms

	Abbreviation
	Explanation

	AP
	Access Point

	BPSK
	Binary Phase-Shift Keying

	CC
	Convolutional Encoder

	CS
	Cyclic Shift

	Dx
	Data Field x

	DC
	Direct Current

	FFT
	Fast Fourier Transform

	GI
	Guard Interval

	IFFT
	Inverse Fast Fourier Transform

	LDPC
	Low-Density-Parity Check Code

	LTS
	Long Training Sequence

	Mbps
	Millions of bits per second

	MAC
	Medium Access Control Layer

	MIMO
	Multiple Input Multiple Output

	MT
	Mobile Terminal

	nDx
	Data Field x, IEEE802.11n specific

	nLTS
	Long Training Sequence, IEEE802.11n specific

	nPLCP
	Physical Layer Convergence Procedure, IEEE802.11n specific

	nPPDU
	PLCP Protocol Data Unit, IEEE802.11n specific

	nSIG
	Signal Field, IEEE802.11n specific

	nSTS
	Short Training Sequence, IEEE802.11n specific

	OFDM
	Orthogonal Frequency Division Multiplexing

	PHY
	Physical Layer

	PLCP
	Physical Layer Convergence Procedure

	PPDU
	PLCP Protocol Data Unit

	QAM
	Quadrature Amplitude Modulation

	QPSK
	Quadrature Phase-Shift Keying

	SDM
	Spatial Division Multiplexing

	SIG
	Signal Field

	STBC
	Space Time Block Code

	STS
	Short Training Sequence

	WLAN
	Wireless Local Area Network


1.2 Definitions

Adaptation of IEEE802.11 abbreviations to IEEE802.11n contex: Common IEEE802.11 abbreviations are preceded by a ‘n’, e.g. nPLCP is the Physical Layer Convergence Procedure, IEEE802.11n specific.

Introduction 

This document presents modifications to the physical layer specification IEEE 802.11a-1999. The main modifications are i) a multiple antenna extension ii) a second OFDM modulation and iii) an advanced forward error correction scheme relying on a standard turbo coding scheme derived from the 3GPP specification. The channel bandwidth considered at this stage is limited to the current 20MHz bandwidth for mandatory modes in order to allow easier backward compatibility and maximize the number of channels available for a more efficient deployment (e.g. limiting inter-system interference). However in order to allow a larger peak data rate 40MHz channelization is considered as an optional mode as well as QAM256 constellation support.
In order to achieve higher data rates than IEEE802.11a, this proposal uses multiple antennas, enabling the transmission of 1, 2 or 3 parallel spatial streams, depending on the transceiver configuration and capabilities (number of transmit and receive antennas at the AP and STA). 

In this proposal, it is mandatory that the transmitter has a minimum of 2 antennas scaling up for the optional modes to 4 antennas, and the receiver has a minimum of two antennas (possibly more). An important feature of this proposal is that the multiple antenna transmit schemes recommended are designed for supporting asymmetric antenna configurations between the transmitter and receiver in order to accommodate various classes of devices (possibly discriminated by complexity/size/power consumption criteria) such as access point, laptop, PDA, phone in order to cope with various constraints possibly limiting the number of antenna supported. For that purpose, several schemes are detailed combining Spatial Division Multiplexing (SDM) and Space Time Block Coding (STBC).  The emphasis is given on simple (e.g. limited arithmetical complexity) open loop modulation techniques that target either an increase of peak data rate (SDM) or enhancement of the robustness of the link (STBC) or a mix of the two using a hybrid approach. In that way, this proposal achieves four major goals: 

1. provide new OFDM PHY modes for delivering higher data rates

2. improve also support of lower data rate modes for enhancing range or link quality of IEEE802.11a modes but also supporting services requiring small packet size such as VoIP

3. allow short term implementation and deployment for mandatory modes

4. focus on open loop solution to avoid protocol overhead consumed in feedback signalization

A second OFDM modulation is introduced as an option in order to further increase the achievable data rates; the main characteristics of this second OFDM modulation are 128 subcarriers either in a 20MHz or 40MHz bandwidth (corresponding subcarrier frequency spacing 156,25kHz and 312.50kHz) with 104 data subcarriers (and 8 pilot subcarriers for a total number of used subcarriers of 112). 
· For the 20MHz channel case, the duration of the guard time is also doubled (1.6(s) enabling to absorb larger multipath delays to cope both with long channels common in large environments (open space, limited outdoor) and also to better account for the transmit and receive filters inherently present in the WLAN devices. Note that for 20MHz channel, since the number of useful carriers is more than doubled and the guard time duration doubled, this enables an enhancement of the total PHY rate of 8% compared to 64 carrier modes.

· For the 40MHz channel case, the duration of the guard time remains the same (0.8(s) and since the bandwidth is doubled this yields a 117% increase of the total PHY rate compared to 20MHz 64 carrier modes.
With 48 data subcarriers, the minimum and maximum data rates achievable are 6Mbps and 216Mbps respectively. With 104 data subcarriers, the minimum and maximum data rates achievable are:

· for 20MHz channelization, 6Mbps and 234Mbps respectively;

· for 40MHz channelization, 12Mbps and 468Mbps respectively.

The same nPLCP preamble is used for both OFDM modulations: 64 and 128 subcarriers in 20MHz. This nPLCP preamble is defined on 56 out of 64 subcarriers in 20MHz (the additional used subcarriers are introduced to handle the slight bandwidth increase obtained when considering 112 subcarriers among 124 in a 20MHz bandwidth). A new nPLCP preamble has to be designed for 40MHz bandwidth support. Note that the highest achievable data rate modes are obtained by exploiting the optional 256-QAM symbol constellation.

Note that other functional blocks such as scrambler, convolutional encoder and mapping are unchanged with respect to IEEE 802.11a-1999. 

MIMO-OFDM nPLCP sublayer

This section defines the convergence procedure to be applied in order to convert nPSDUs to (from) nPPDUs at the transmitter (receiver). In the transmitter the nPSDU shall be appended to a specific MIMO nPLCP preamble and eventually PLCP header depending on the chosen number of antennas. The resulting structure is an nPPDU frame. The nPLCP header is omitted in the context of a centralized scheme. 

1.3 nPLCP frame structure

The nPPDU frame structures (compared to legacy systems IEEE802.11a/g) are given in Figure 1. The definitions comprise transmission modes with NTX=2, NTX=3 and NTX=4 transmit antennas.  

The MIMO nPLCP preamble consists of a combination of nSTS and nLTS symbols as defined in sections 3.4.1 and 3.4.2, some of which are cyclically shifted as defined in section 3.4.3. Additionally, some nLTS field are multiplied by a factor (-1) in order to assure orthogonality in the receiver.  

The nSIG field contains (similar to IEEE802.11a) information on the RATE used for the following data fields nD1 (contains SERVICE bits, i.e. a zero-sequence, in order to synchronize the descrambler in the receiver and data) and nD2 (contains data) and their length. Compatibility to legacy IEEE802.11a/g is not given. The existence of the nSIG field depends on the type of MAC:

· In the presence of a centralized access scheme, the nSIG field is not necessary in every frame, there will rather be a ‘beacon frame’ indicating the RATE and length information for several frames.

· In all other cases the nSIG field defines the RATE parameters and the length of the following data symbols.

The nD1 field shall be defined corresponding to the definitions of the D1 field in the IEEE802.11a PHY sub-layer definition. 


[image: image1.emf]IEEE802.11a OFDM Frame STS LTS SIG D1 D2

IEEE802.11g OFDM Frame STS LTS SIG D1 D2 EXT

IEEE802.11n OFDM Frame, N

TX

 = 2

nSTS nLTS nLTS

nSTS + CS nLTS + CS nLTS + CS

A1:

A2:

nSIG nD1 nD2

IEEE802.11n OFDM Frame, N

TX

 = 3

nSTS nLTS nLTS

nSTS + CS nLTS + CS nLTS + CS

A1:

A2: nSIG nD1 nD2

nSTS nLTS (-1) x nLTS A3:

IEEE802.11n OFDM Frame, N

TX

 = 4

nSTS nLTS nLTS

nSTS + CS nLTS + CS nLTS + CS

A1:

A2:

nSIG nD1 nD2

nSTS nLTS (-1) x nLTS A3:

nSTS + CS nLTS + CS

(-1) x nLTS + CS

A4:


Figure 1 - Frame structure

RATE-dependent parameters

The RATE-dependent parameters for 2 transmit antennas shall be set according to Table 1 for 48 data subcarriers and according respectively to Table 2 and  Table 3 for 104 data subcarriers using 20MHz and 40MHz bandwidths. Contellations BPSK, QPSK, 16QAM and 64QAM are mandatory, 256QAM is optional. The 104 data subcarrier modes are optional as well.
Note that: 
· these modes support asymetric antenna configurations: the number of received antennas has to be greater or equal than the number of spatial streans (Ns) and determines the modes supported by the device
· the specific space time coding schemes used for the modes displayed are detailed section 3.5.6.

· optional modes are grey highlighted in the following tables
· all the devices have to be able to decode all the modes where the number of spatial streams is lower or equal than the number of receive antennas in the device. For example a device with two receive antennas has to be able to decode all 2 transmit antenna modes as well as 3 and 4 transmit antenna modes with 2 spatial streams.

· It is required for a device to exploit all its antennas in transmission even for optional modes.
Table 1 - Rate-dependent parameters for 2 transmit antennas and 48 data subcarriers in 20MHz bandwidth
	Data rate (Mbits/s)
	Number of spatial streams (NS)
	Modulation
	Coding rate (R)
	Coded bits per subcarrier per stream (NBPSC)
	Coded bits per OFDM symbol (NCBPS)
	Data bits per OFDM symbol (NDBPS)
	Number of data subcarriers (NSD)

	6Mbps
	1
	BPSK
	1/2
	1
	48
	24
	48

	12Mbps
	1
	QPSK
	1/2
	2
	96
	48
	48

	18Mbps
	1
	QPSK
	3/4
	2
	96
	72
	48

	24Mbps
	1
	16QAM
	1/2
	4
	192
	96
	48

	36Mbps
	1
	16QAM
	3/4
	4
	192
	144
	48

	48Mbps
	1
	64QAM
	2/3
	6
	288
	192
	48

	60Mbps
	1
	64QAM
	5/6
	6
	288
	240
	48

	72Mbps
	2
	16QAM
	3/4
	4
	192
	144
	48

	96Mbps
	2
	64QAM
	2/3
	6
	288
	192
	48

	108Mbps
	2
	64QAM
	3/4
	6
	288
	216
	48

	120Mbps
	2
	64QAM
	5/6
	6
	288
	240
	48

	144Mbps
	2
	256QAM
	3/4
	8
	384
	288
	48


Table 2 - Rate-dependent parameters for 2 transmit antennas and 104 data subcarriers in 20MHz bandwidth

	Data rate (Mbits/s)
	Number of spatial streams

(NS)
	Modulation
	Coding rate (R)
	Coded bits per subcarrier per stream (NBPSC)
	Coded bits per OFDM symbol (NCBPS)
	Data bits per OFDM symbol (NDBPS)
	Number of data subcarriers (NSD)

	6.5Mbps
	1
	BPSK
	1/2
	1
	104
	52
	104

	13Mbps
	1
	QPSK
	1/2
	2
	208
	104
	104

	19.5Mbps
	1
	QPSK
	3/4
	2
	208
	156
	104

	26Mbps
	1
	16QAM
	1/2
	4
	416
	208
	104

	39Mbps
	1
	16QAM
	3/4
	4
	416
	312
	104

	52Mbps
	1
	64QAM
	2/3
	6
	624
	416
	104

	65Mbps
	1
	64QAM
	5/6
	6
	624
	520
	104

	78Mbps
	2
	16QAM
	3/4
	4
	416
	312
	104

	104Mbps
	2
	64QAM
	2/3
	6
	624
	416
	104

	117Mbps
	2
	64QAM
	3/4
	6
	624
	468
	104

	130Mbps
	2
	64QAM
	5/6
	6
	624
	520
	104

	156Mbps
	2
	256QAM
	3/4
	8
	832
	624
	104


Table 3 - Rate-dependent parameters for 2 transmit antennas and 104 data subcarriers in 40MHz bandwidth

	Data rate (Mbits/s)
	Number of spatial streams

(NS)
	Modulation
	Coding rate (R)
	Coded bits per subcarrier per stream (NBPSC)
	Coded bits per OFDM symbol (NCBPS)
	Data bits per OFDM symbol (NDBPS)
	Number of data subcarriers (NSD)

	13Mbps
	1
	BPSK
	1/2
	1
	104
	52
	104

	26Mbps
	1
	QPSK
	1/2
	2
	208
	104
	104

	39Mbps
	1
	QPSK
	3/4
	2
	208
	156
	104

	52Mbps
	1
	16QAM
	1/2
	4
	416
	208
	104

	78Mbps
	1
	16QAM
	3/4
	4
	416
	312
	104

	104Mbps
	1
	64QAM
	2/3
	6
	624
	416
	104

	130Mbps
	1
	64QAM
	5/6
	6
	624
	520
	104

	156Mbps
	2
	16QAM
	3/4
	4
	416
	312
	104

	208Mbps
	2
	64QAM
	2/3
	6
	624
	416
	104

	234Mbps
	2
	64QAM
	3/4
	6
	624
	468
	104

	260Mbps
	2
	64QAM
	5/6
	6
	624
	520
	104

	312Mbps
	2
	256QAM
	3/4
	8
	832
	624
	104


The RATE-dependent parameters for 3 or 4 transmit antennas shall be set according to Table 4 for 48 data subcarriers, Table 5 for 104 data subcarriers in 20MHz and Table 6 for 104 data subcarriers in 40MHz.
Table 4 - Rate-dependent parameters for 3 or 4 transmit antennas and 48 data subcarriers in 20MHz bandwidth

	Data rate (Mbits/s)
	Number of spatial streams

(NS)
	Modulation
	Coding rate (R)
	Coded bits per subcarrier per stream (NBPSC)
	Coded bits per OFDM symbol (NCBPS)
	Data bits per OFDM symbol (NDBPS)
	Number of data subcarriers (NSD)

	12Mbps
	2
	BPSK
	1/2
	1
	48
	24
	48

	24Mbps
	2
	QPSK
	1/2
	2
	96
	48
	48

	36Mbps
	2
	QPSK
	3/4
	2
	96
	72
	48

	48Mbps
	2
	16QAM
	1/2
	4
	192
	96
	48

	72Mbps
	2
	16QAM
	3/4
	4
	192
	144
	48

	96Mbps
	2
	64QAM
	2/3
	6
	288
	192
	48

	120Mbps
	2
	64QAM
	5/6
	6
	288
	240
	48

	144Mbps
	3
	64QAM
	2/3
	6
	288
	192
	48

	162Mbps
	3
	64QAM
	3/4
	6
	288
	216
	48

	180Mbps
	3
	64QAM
	5/6
	6
	288
	240
	48

	216Mbps
	3
	256QAM
	3/4
	8
	384
	288
	48


Table 5 - Rate-dependent parameters for 3 or 4 transmit antennas and 104 data subcarriers in 20MHz bandwidth

	Data rate (Mbits/s)
	Number of spatial streams

(NS)
	Modulation
	Coding rate (R)
	Coded bits per subcarrier per stream (NBPSC)
	Coded bits per OFDM symbol (NCBPS)
	Data bits per OFDM symbol (NDBPS)
	Number of data subcarriers (NSD)

	13Mbps
	2
	BPSK
	1/2
	1
	104
	52
	104

	26Mbps
	2
	QPSK
	1/2
	2
	208
	104
	104

	39Mbps
	2
	QPSK
	3/4
	2
	208
	156
	104

	52Mbps
	2
	16QAM
	1/2
	4
	416
	208
	104

	78Mbps
	2
	16QAM
	3/4
	4
	416
	312
	104

	104Mbps
	2
	64QAM
	2/3
	6
	624
	416
	104

	130Mbps
	2
	64QAM
	5/6
	6
	624
	520
	104

	156Mbps
	3
	64QAM
	2/3
	6
	624
	416
	104

	175.5Mbps
	3
	64QAM
	3/4
	6
	624
	468
	104

	195Mbps
	3
	64QAM
	5/6
	6
	624
	520
	104

	234Mbps
	3
	256QAM
	3/4
	8
	832
	624
	104


Table 6 - Rate-dependent parameters for 3 or 4 transmit antennas and 104 data subcarriers in 40MHz bandwidth

	Data rate (Mbits/s)
	Number of spatial streams

(NS)
	Modulation
	Coding rate (R)
	Coded bits per subcarrier per stream (NBPSC)
	Coded bits per OFDM symbol (NCBPS)
	Data bits per OFDM symbol (NDBPS)
	Number of data subcarriers (NSD)

	26Mbps
	2
	BPSK
	1/2
	1
	104
	52
	104

	52Mbps
	2
	QPSK
	1/2
	2
	208
	104
	104

	78Mbps
	2
	QPSK
	3/4
	2
	208
	156
	104

	104Mbps
	2
	16QAM
	1/2
	4
	416
	208
	104

	156Mbps
	2
	16QAM
	3/4
	4
	416
	312
	104

	208Mbps
	2
	64QAM
	2/3
	6
	624
	416
	104

	260Mbps
	2
	64QAM
	5/6
	6
	624
	520
	104

	312Mbps
	3
	64QAM
	2/3
	6
	624
	416
	104

	351Mbps
	3
	64QAM
	3/4
	6
	624
	468
	104

	390Mbps
	3
	64QAM
	5/6
	6
	624
	520
	104

	468Mbps
	3
	256QAM
	3/4
	8
	832
	624
	104


Note that the data rates given in Table 1 through Table 6 are the largest integer values not exceeding the exact data rates.
Timing related parameters

Table 7, Table 8 and Table 9 are the lists of timing parameters associated with the 2 OFDM modulations covering the two bandwidths of interest: 20MHz and 40MHz. 

Table 7 - Timing-related parameters if 48 data subcarriers in 20MHz bandwidth

	Parameter
	Value

	NSD: Number of data subcarriers
	48

	NSP: Number of pilot subcarriers
	4

	NST: Number of subcarriers, total
	52 (NSD+NSP)

	(F: Subcarrier frequency spacing
	0.3125MHz (=20MHz/64)

	TFFT: IFFT/FFT period
	3.2(s (1/(F)

	TGI: GI duration
	0.8(s

	TSYM: Symbol interval
	4(s (TGI +TFFT)


Table 8 - Timing-related parameters if 104 data subcarriers in 20MHz bandwidth

	Parameter
	Value

	NSD: Number of data subcarriers
	104

	NSP: Number of pilot subcarriers
	8

	NST: Number of subcarriers, total
	112 (NSD+NSP)

	(F: Subcarrier frequency spacing
	0.15625MHz (=20MHz/128)

	TFFT: IFFT/FFT period
	6.4(s (1/(F)

	TGI: GI duration
	1.6(s

	TSYM: Symbol interval
	8.0(s (TGI +TFFT)


Table 9 - Timing-related parameters if 104 data subcarriers in 40MHz bandwidth

	Parameter
	Value

	NSD: Number of data subcarriers
	104

	NSP: Number of pilot subcarriers
	8

	NST: Number of subcarriers, total
	112 (NSD+NSP)

	(F: Subcarrier frequency spacing
	0.3125MHz (=40MHz/128)

	TFFT: IFFT/FFT period
	3.2(s (1/(F)

	TGI: GI duration
	0.8(s

	TSYM: Symbol interval
	4.0(s (TGI +TFFT)


Table 10 details the timing parameters associated with the 20MHz bandwidth preamble, for 2, 3 and 4 transmit antennas.

Table 10 - Timing-related parameters for the preamble using 20MHz bandwidth

	Parameter
	Value

	NST: Number of subcarriers, total
	56

	(F: Subcarrier frequency spacing
	0.3125MHz (=20MHz/64)

	TFFT: IFFT/FFT period
	3.2(s (1/(F)

	TPREAMBLE: nPLCP preamble duration
	24(s (TSHORT+2×TLONG)

	TGI2: Training symbol GI duration
	1.6(s (TFFT/2)

	TSYM: Symbol interval
	4(s (TGI +TFFT)

	TSHORT: nSTS short training sequence duration
	8(s (10×TFFT/4)

	TLONG: nLTS long training sequence duration
	8(s (TGI2+2×TFFT)


Note that the same preamble is used for both OFDM modulations considered, i.e. with 64 and 128 subcarriers in 20MHz bandwidth. Note also that the preamble is defined with the TFFT corresponding to 64 subcarriers in 20MHz, and uses 56 subcarriers in order to have the same signal bandwidth as with 112 subcarriers among 128 in 20MHz.

In the case of 40MHz bandwidth modes, a new preamble needs to be defined.
nPLCP preamble definitions

In this section only the 20MHz bancwidth case is detailed.
The nPLCP (TGn Physical Layer Convergence Procedure) preamble transmitted from all antennas is composed of short training sequences (nSTS) and long training sequences (nLTS), possibly modified by cycling shifting operation and multiplied by (-1). All definitions required are given in the following sections, as well as the nPLCP preamble structure used for 2, 3 and 4 transmit antennas.

1.3.1 nSTS 

In the definition of the nPLCP preamble, an nSTS short training sequence is used. The nSTS short training sequence is composed of 10 identical short symbols STS1, …, STS10, as indicated in Figure 2.
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Figure 2 – nSTS short training sequence structure

Each STS1, …, STS10 corresponds to the legacy short training, i.e. 12 subcarriers modulated by the elements of the following sequence S below. 

S-28,28 = {0, 0, 0, 0, -1-1j, 0, 0, 0, -1-1j, 0, 0, 0, 1+1j, 0, 0, 0, 1+1j, 0, 0, 0, 1+1j, 0, 0, 0, 1+1j, 0, 0, 0, 0,

          0, 0, 0, 1+1j, 0, 0, 0, -1-1j, 0, 0, 0, 1+1j, 0, 0, 0, -1-1j, 0, 0, 0, -1-1j, 0, 0, 0, 1+1j, 0, 0, 0, 0}

Each STS1, …, STS10 lasts 0.8µs, implying the duration of the nSTS short training sequence to be equal to TSHORT=10×0.8=8µs.

1.3.2 nLTS 

In the definition of the nPLCP preamble, a nLTS long training sequence is used. The nLTS long training sequence consists in 2 identical long symbols LTS1 and LTS2, preceded by a guard GI2 of duration 1.6µs. The nLTS structure is indicated in Figure 3. 
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Figure 3 – nLTS long training structure

Each LTS1, LTS2 lasts 3.2µs, implying the duration of the nLTS to be equal to TLONG=1.6+2×3.2=8µs. Each LTS1, LTS2 is based on the legacy long training except that 57 subcarriers (including a zero value at dc) are modulated instead of 53 (according to IEEE 802.11a-1999 subclause 17.3.3). The resulting sequence is given by:

L-28,28 = {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, 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}

1.3.3 Cyclic shifts 

In the definition of the nPLCP preamble, cyclic shifts are used. A cyclic shift ( applied to an arbitrary sequence having a duration higher than (, produces the duration ( end of the sequence to be removed and inserted at the beginning of the sequence, as indicated in Figure 4.

[image: image4.emf]Sequence


duration


Last part 


of


the


sequence


:


duration


D


Sequence


duration


Duration


D


Cyclic


shift 


D


Sequence


duration


Last part 


of


the


sequence


:


duration


D


Sequence


duration


Duration


D


Cyclic


shift 


D




Sequenceduration

Last part ofthesequence:

duration



Sequenceduration

Duration



Cyclicshift 

 Sequenceduration

Last part ofthesequence:

duration



Sequenceduration

Duration



Cyclicshift 




Figure 4 – Illustration of the cyclic shifting operation

In the following, a cyclic shift ( applied to an arbitrary sequence A, will be represented as A+CS((). 

1.3.4 nPLCP preamble structure

Given the above definitions, the nPLCP preamble structure for NTX=2 is given in Figure 5.
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Figure 5 – nPLCP preamble structure for NTX =2

Given the above definitions, the nPLCP preamble structure for NTX =3 is given in Figure 6.
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Figure 6 – nPLCP preamble structure for NTX =3

Given the above definitions, the nPLCP preamble structure for NTX =4 is given in Figure 7.

[image: image7.emf]nLTS


nSTS


nLTS


nLTS


+CS(1650ns)


nSTS


+CS(50ns)


nLTS


+CS(1650ns)


nLTS


nSTS


(


-


1)


×


nLTS


nLTS


+CS(1650ns)


nSTS


+CS(50ns)


(


-


1)


×


nLTS


+CS(1650ns)


8


µ


s


8


µ


s


8


µ


s


24


µ


s


Transmit 


antenna


1


Transmit 


antenna


2


Transmit 


antenna


3


Transmit 


antenna


4


nLTS


nSTS


nLTS


nLTS


+CS(1650ns)


nSTS


+CS(50ns)


nLTS


+CS(1650ns)


nLTS


nSTS


nLTS


nLTS


+CS(1650ns)


nSTS


+CS(50ns)


nLTS


+CS(1650ns)


nLTS


nSTS


(


-


1)


×


nLTS


nLTS


+CS(1650ns)


nSTS


+CS(50ns)


(


-


1)


×


nLTS


+CS(1650ns)


8


µ


s


8


µ


s


8


µ


s


24


µ


s


Transmit 


antenna


1


Transmit 


antenna


2


Transmit 


antenna


3


Transmit 


antenna


4




nLTS nSTS nLTS

nLTS+CS(1650ns) nSTS+CS(50ns) nLTS+CS(1650ns)

nLTS nSTS (-1)×nLTS

nLTS+CS(1650ns) nSTS+CS(50ns) (-1)×nLTS+CS(1650ns)

8µs 8µs 8µs

24µs

Transmit antenna1

Transmit antenna2

Transmit antenna3

Transmit antenna4

nLTS nSTS nLTS

nLTS+CS(1650ns) nSTS+CS(50ns) nLTS+CS(1650ns)

nLTS nSTS nLTS

nLTS+CS(1650ns) nSTS+CS(50ns) nLTS+CS(1650ns)

nLTS nSTS (-1)×nLTS

nLTS+CS(1650ns) nSTS+CS(50ns) (-1)×nLTS+CS(1650ns)

8µs 8µs 8µs

24µs

Transmit antenna1

Transmit antenna2

Transmit antenna3

Transmit antenna4


Figure 7 – nPLCP preamble structure for NTX =4

DATA field

This section defines the generation of the data bits contained in the nD1 and nD2 data fields.

1.3.5 Pad bits

The number of bits in the DATA field shall be a multiple of NSPTB x NCBPS, where NSPTB is the number of symbols per multi-antenna transmit block, and NCBPS the number of coded bits in an OFDM symbol. To achieve that, the length of the message is extended so that it becomes a multiple of NSPTB x NDBPS, where NDBPS is the number of data bits per OFDM symbol. At least 6 bits are appended to the message, in order to accommodate the tail bits. 

1.3.6 Convolutional encoder and puncturing

The data symbols are encoded with a convolutional encoder that conforms to IEEE 802.11a-1999 subclause 17.3.5.5 for code rates of R = 1/2, 2/3, and 3/4. Additionally, the code rate of R = 5/6 shall be implemented according to the puncturing pattern illustrated in Figure 8.
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Figure 8 – Bit-stealing and bit-insertion procedure for R=5/6

1.3.7 Optional: Turbo Code and inherent puncturing

REVIEW ALL TABLE NUMBERS!!!! IN THIS SECTION
The turbo code proposed is in most respects identical to the turbo code already adopted in 3GPP/UMTS.  This is a well-studied and understood code that has been extensively discussed in the research and engineering literature.  The most significant change from the 3GPP/UMTS system is that new turbo interleavers are used as defined in section 3.5.3.2.  These are designed to avoid memory contention in the iterative decoding process, and thus aid receiver implementation while not sacrificing performance.

In order to prepare for the turbo encoding process, the incoming data shall be padded and divided into sections as follows.

1.  The service field at the beginning of the sequence is used to initialize a scrambler, which is then used to scramble the payload sequence (i.e., the string resulting from appending the PSDU to the SERVICE field).

2.  After scrambling, the sequence is extended by padding with 0’s until it is a multiple of 512 bits in length to match the turbo interleaver sizes. The padding bits are distributed uniformly within the payload sequence, with padding placed at the end of sections of length 256. Let the total target number of length 256 sections be MT=(payload_size+padding_size)/256. Then the first (padding_size mod MT) sections have ceiling(padding_size/MT) padding bits, and the remaining MT–(padding_bits mod MT) sections have floor(padding_bits mod MT). The amount of padding is constrained such that the padded payload sequence is no more than half padding.

3.  The resulting sequence is split, from beginning to end, into a series of sections of length 2048 bits plus at most one section of length 512, 1024, or 1536 bits.

All padding will be removed (as described in Section 3.5.3.4) before transmission. To ensure that the receiver knows the values of the padding removed at the transmitter (which is required to be able to insert large LLRs for the padding in the receiver), the padding is added after the scrambling operation.

When the high performance coding bit in the SIG field is set, the DATA field is encoded using a rate 1/3 parallel concatenated convolutional code (“turbo code”) with a set of defined block lengths and puncturing patterns.

1.3.7.1 Turbo Encoder

The incoming data is as framed by the procedure in Section 3.5.3.1.  Each section generated via the procedure of Section 3.5.3.1 is encoded into a separate turbo code block.  If the total number of incoming data bits to a given turbo code block is Nturbo, the turbo encoder generates Nturbo/R encoded data output bits, where R is the code rate after factoring in puncturing.   The turbo encoder employs two systematic, recursive convolutional encoders connected in parallel, with a permuter (the turbo code “interleaver”) preceding the second recursive convolutional encoder.
Each of the two constituent encoders has transfer function Gi(D) = [ 1 n(D)/d(D) ], where n(D) = 1 + D + D3 and d(D) = 1 + D2 + D3.  Constituent encoder 1 has as input the uninterleaved input data stream.  Constituent encoder 2 has as input the interleaved input data stream.  

Each constituent encoder is initialized with to the all‑zero state and the constituent codes are left unterminated.

The encoded data output bits are generated by clocking the constituent encoders Nturbo and puncturing the outputs as specified in Section 3.5.3.4.  Within a puncturing pattern, a ‘0’ means that the bit shall be deleted and a ‘1’ means that the symbol shall be retained.  The constituent encoder outputs for each input bit period shall be output in the sequence X, Y1, Y2, X’, Y1’, Y2’ with the X output first, where X denotes the systematic bit, Y1 denotes the parity bit computed by constituent encoder 1, and Y2 denotes the parity bit computed by constituent encoder 2. The X’ output is always punctured.
1.3.7.2 Turbo Encoder interleaver

The turbo interleaver, which is part of the turbo encoder, shall block interleave the turbo encoder input sequence. The formula relating interleaver output position (i) to input position i = 0, …, Nturbo1, where Nturbo is the block size, is
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where (j), j = 0,…,255, is a permutation of the set {0,1,…,255}, (j) = {0(j),1(j),(,M1(j)}, j = 0,…,255, is the j‑th permutation of the set {0,1,(,M1}, and M = Nturbo/256 is the number of windows.

Turbo interleaving shall be functionally equivalent to an approach where input sequence written in according to (() and read out sequentially.

Let the sequence of input addressed be i = 0, …, Nturbo 1.  Then the sequence of output addresses shall be equivalent to those generated according to the procedure illustrated in Figure 9.

.

1. Determine the turbo interleaver parameter n, where n = log2(Nturbo)/8.

2. Initialize an (n+8)‑bit counter to 0.

3. Extract the 8 least significant bits (LSBs) of the counter.

4. Use the 8 LSBs of the counter as the address into a read‑only memory (ROM), the output of which is M n‑bit values.

5. Extract the n MSBs of the counter and use them to select the p‑th of the M n‑bit ROM values, where p is the decimal value of the n MSBs of the counter.  Left shift the result by 8 places to form the n MSBs of the output address.

6. Bit reverse the 8 LSBs of the counter to form the 8 LSBs of the output address.

7. Increment the counter and repeat steps 3 through 6 until all Nturbo turbo interleaver output addresses are obtained.
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Figure 9 - Turbo interleaver output address computation

The function (j) is periodic with period P = 13 for block size Nturbo = 512, and P = 15 for block size Nturbo = 1024, 1536, and 2048.  The permutations (j) are given in Error! Reference source not found. for N = 512, Table 1 for  Nturbo = 1024, Table 2 for Nturbo = 1536, and in Error! Reference source not found. for N = 2048.

Table 11 - ( (j), j = 0,…,255, for Nturbo = 512

	(j)
	jmod13

	{0,1}
	0

	{0,1}
	1

	{0,1}
	2

	{1,0}
	3

	{0,1}
	4

	{1,0}
	5

	{1,0}
	6

	{0,1}
	7

	{1,0}
	8

	{1,0}
	9

	{0,1}
	10

	{0,1}
	11

	{1,0}
	12


Table 12 - ( (j), j = 0,…,255, for Nturbo = 1024

	(j)
	jmod15

	{1,2,3,0},
	0

	{2,0,1,3},
	1

	{2,3,1,0},
	2

	{3,2,0,1},
	3

	{0,1,2,3},
	4

	{3,2,1,0},
	5

	{0,1,3,2},
	6

	{1,0,2,3},
	7

	{1,3,2,0},
	8

	{0,1,3,2},
	9

	{1,0,2,3},
	10

	{2,3,1,0},
	11

	{3,1,0,2},
	12

	{1,0,2,3},
	13

	{3,2,0,1}
	14


Table 13 - ( (j), j = 0,…,255, for Nturbo = 1536

	(j)
	jmod15

	{3,5,0,2,4,1},
	0

	{0,4,3,1,2,5},
	1

	{1,5,3,4,2,0},
	2

	{3,0,1,5,2,4},
	3

	{1,3,4,2,0,5},
	4

	{3,1,2,4,0,5},
	5

	{2,3,5,0,4,1},
	6

	{0,4,3,5,1,2},
	7

	{4,3,1,5,2,0},
	8

	{4,5,0,1,3,2},
	9

	{3,2,1,0,4,5},
	10

	{5,4,2,3,0,1},
	11

	{0,3,4,1,5,2},
	12

	{2,4,0,5,3,1},
	13

	{0,1,5,2,4,3},
	14


Table 14 -  (j), j = 0,…,255, for Nturbo = 2048

	(j)
	jmod15

	{0,1,5,2,3,4,7,6}
	0

	{2,5,7,6,1,0,4,3}
	1

	{5,4,0,7,6,1,3,2}
	2

	{6,7,4,5,2,3,0,1}
	3

	{7,0,3,4,5,2,1,6}
	4

	{3,2,6,1,0,7,5,4}
	5

	{7,0,1,4,5,6,3,2}
	6

	{6,5,4,0,7,2,1,3}
	7

	{5,2,0,7,3,6,4,1}
	8

	{0,6,5,3,4,1,2,7}
	9

	{5,2,7,6,3,4,1,0}
	10

	{4,3,6,0,1,5,2,7}
	11

	{5,4,3,1,2,7,0,6}
	12

	{4,6,0,2,7,1,3,5}
	13

	{7,0,6,3,5,1,4,2}
	14


1.3.7.3 Code termination for the Turbo Encoder

The constituent encoders of the turbo encoder are left unterminated.

1.3.7.4 Puncturing for the Turbo Encoder

The puncturing pattern for each stream of bits is applied starting at the beginning of the stream of bits and continuing cyclically until the end of the stream.  

The puncturing patterns for each stream are determined from Error! Reference source not found. as follows.

Systematic bits:  Any pad bits added (see start of section 3.5.3) shall be punctured.  The other systematic bits shall not be punctured.  All parity bits in both constituent encoders associated with the punctured pad bits (i.e., belonging to the same trellis step) are also punctured.

Parity bits from the two constituent encoders are determined according to Error! Reference source not found., where 1 denotes a retained bit and 0 denotes a punctured bit.  The leftmost bit is first in time and the pattern repeats until the end of the codeword.

Table 15 - Parity puncturing patterns for constituent encoders

	Code rate R
	Puncturing pattern for constituent encoder 1
	Puncturing pattern for constituent encoder 2

	1/2
	01
	10

	2/3
	1000
	0010

	3/4
	010000
	000010

	5/6
	0000000100
	0010000000


1.3.8 Interleaving

Two interleaving steps shall be performed: Interleaving on encoded and punctured bit-stream prior to mapping and interleaving of mapped symbols prior to STC. If the optional Turbo Codes are applied as defined in section 3.5.3, the corresponding interleaver in the Turbo Encoder unit is specified in section 3.5.3.2. 

1.3.8.1 Interleaving prior to mapping

This interleaver is applied for the mandatory CC and the optional Turbo Code. All encoded data bits shall be interleaved by a block interleaver with a block size corresponding to the number of bits in a single OFDM symbol, NCBPS. This block-interleaver is defined by a two-step permutation. 

We shall denote by k the index of the coded bit before the first permutation; i shall be the index after the first and before the second permutation, and j shall be the index after the second permutation, just prior to modulation mapping.

The two permutations are defined by the following rules:


i = (NCBPS/I) (k mod I) + floor(k/I) 



k = 0, 1, …, NCBPS-1

j = s x floor(i/s) + (i+ NCBPS-floor(Ixi/ NCBPS)) mod s

i = 0, 1, …, NCBPS-1

where I=8 and s = max(NCBPS/2,1).

1.3.8.2 Interleaving prior to STC
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After subcarrier modulation mapping, all symbols shall be allocated to the NS streams to be interleaved in space and frequency, prior to be transmitted to the multiple antenna transmit block, as illustrated in Figure 10.

Figure 10 - Symbol division and spatial-frequency symbol interleaving

The spatial-frequency symbol interleaver processes the NS input streams as follows. If we denote X(s, n) the nth symbol belonging to the stream s, s = 0, 1, …, NS-1, then Y(s, n) i.e. the nth symbol belonging to the interleaved stream s, s = 0, 1, …, NS-1 is obtained as follows:


Y(s, n) = X(s + (n mod NS), n)




if (J mod NS) = 0


Y(s, n) = X(s + ((n – (floor(n/J) mod 2)) mod NS), n)

if (J mod NS) ≠ 0

The value of the parameter J is given by the equation J = NSD/I; NSD is the number of data subcarriers, and I=8 is the bit interleaver parameter. The distinction between the cases (J mod NS) = 0 and (J mod NS) ≠ 0 is introduced in order to ensure that adjacent bits (separated by J symbols) are transmitted on different streams, i.e. different antenna sets.

In Figure 10, the multiple antenna transmit block applies one of the multiple antenna transmit schemes described in section 3.5.6. If the number of transmit antennas is higher than the number of spatial streams to be transmitted, it applies one of the space-time block codes described in Figure 11, Figure 12, Figure 13 or Figure 14. If the number of transmitted antennas is equal to the number of streams to be transmitted, the spatial streams at the ouput of the symbol division block are transmitted unchanged.

1.3.9 Pilot insertion

Pilot tones are defined separately for the 64-subcarriers and 128-subcarriers modes.

1.3.9.1 64 subcarriers

In each OFDM symbol, for each transmit antenna, four of the subcarriers are dedicated to pilot signals in order to make the coherent detection robust against frequency offsets and phase noise. These pilot signals shall be put in subcarriers -21, -7, 7 and 21 (same subcarriers for all transmit antennas). The pilots shall be BPSK modulated by a pseudo binary sequence to prevent the generation of spectral lines. The contribution of the pilot subcarriers to each OFDM symbol is described in 3.5.7.1.

1.3.9.2 128 subcarriers

In each OFDM symbol, for each transmit antenna, eight of the subcarriers are dedicated to pilot signals in order to make the coherent detection robust against frequency offsets and phase noise. These pilot signals shall be put in subcarriers -49, -35, -21, -7, 7, 21, 35 and 49 (same subcarriers for all transmit antennas). The pilots shall be BPSK modulated by a pseudo binary sequence to prevent the generation of spectral lines. The contribution of the pilot subcarriers to each OFDM symbol is described in 3.5.7.2.

1.3.10 Space-Time Coding (STC) 

The multiple antenna schemes that are used to transmit the symbols from 2, 3 or 4 antennas rely on Spatial Division Multiplexing (SDM) or on Space-Time Block Coding (STBC). Each multiple antenna scheme is characterized by NS, the number of spatial streams transmitted in parallel, and by NSPTB, the number of symbols per multiple antenna transmit block. The number of receive antennas determines the maximum number of spatial streams that can be transmitted.

Recall that:

· all the devices have to be able to decode all the modes where the number of spatial streams is lower or equal than the number of receive antennas in the device. For example a device with two receive antennas has to be able to decode all 2 transmit antenna modes as well as 3 and 4 transmit antenna modes with 2 spatial streams.

· It is required for a device to exploit all its antennas in transmission even for optional modes.
Table 16 - Parameters of the multiple antenna transmit schemes

	Number of transmit antennas (NTX)
	Multiple antenna scheme
	Number of spatial streams (NS)
	Number of symbols per transmit block (NSPTB)

	2
	STBC
	1
	2

	2
	SDM
	2
	2

	3
	STBC
	2
	4

	3
	SDM
	3
	3

	4
	STBC
	2
	4

	4
	STBC
	3
	6


The space-time block codes are illustrated in  Figure 11, Figure 12, Figure 13  REF _Ref80090697 \h 
 \* MERGEFORMAT and Figure 14. These space-time block codes are applied on each data subcarrier. On these figures, the right column is first transmitted on the channel, and then the left column is transmitted.
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Figure 11 - Transmission of 1 spatial stream on 2 antennas
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Figure 12 - Transmission of 2 spatial streams on 3 antennas
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Figure 13 - Transmission of 2 spatial streams on 4 antennas
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Figure 14 - Transmission of 3 spatial streams on 4 antennas

1.3.11 OFDM modulation 

1.3.11.1 64 subcarriers OFDM modulation

The OFDM modulation for each transmit antenna conforms to IEEE 802.11a-1999 subclause 17.3.5.9.

Additionally, the polarity of the pilot subcarriers is controlled by the same sequence pn modulated according to a pattern depending on the transmit antenna considered. The modulating patterns mn,1, mn,2, mn,3 and mn,4, corresponding to the transmit antennas 1, 2, 3 and 4 are the cyclic extensions of the 4 element sequences below:


m0…3,1 = {1, 1, 1, 1}


m0…3,2 = {1, -1, 1, -1}


m0…3,3 = {1, 1, -1, -1}


m0…3,4 = {1, -1, -1, 1}

The polarity of the pilot subcarriers on the transmit antennas 1, 2, 3 and 4 is then controlled by the same sequence pn,1, pn,2, pn,3 and pn,4 respectively. These sequences are obtained as follows:


pn,1 = pn × mn,1


pn,2 = pn × mn,2

pn,3 = pn × mn,3

pn,4 = pn × mn,4
1.3.11.2 128 subcarriers OFDM modulation

For each transmit antenna, the stream of complex symbols is divided into groups of NSD=104 complex numbers. We shall denote this by writing the complex number dk,n, which corresponds to subcarrier k of OFDM symbol n, as in IEEE 802.11a-1999 subclause 17.3.5.9, NSYM being now the number of OFDM symbols to be transmitted per antenna. The function M(k), defining the mapping from the logical subcarrier number 0 to 103 into frequency offset index -56 to 56, while skipping the pilot subcarrier locations and the 0th (dc) subcarrier.




k-56, 0≤k≤6




k-55, 7≤k≤19




k-54, 20≤k≤32




k-53, 33≤k≤45


M(k) = 

k-52, 46≤k≤51




k-51, 52≤k≤57




k-50, 58≤k≤70




k-49, 71≤k≤83




k-48, 84≤k≤96




k-47, 97≤k≤103
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The contribution of the pilot subcarriers for the nth OFDM symbol is produced by Fourier transform of sequence P, given by

P-56,56 = {0, 0, 0, 0, 0, 0, 0, 1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 1

          0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, -1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0,  

          0, 0, 1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, -1, 0, 0, 0, 0, 0, 0, 0}

As in 3.5.7.1, the polarity of the pilot subcarriers is controlled by the sequence pn (defined in IEEE 802.11a-1999 subclause 17.3.5.9) modulated according to a pattern depending on the transmit antenna considered. The modulating patterns mn,1, mn,2, mn,3 and mn,4, corresponding to the transmit antennas 1, 2, 3 and 4 are the cyclic extensions of the 4 element sequences below:


m0…3,1 = {1, 1, 1, 1}


m0…3,2 = {1, -1, 1, -1}


m0…3,3 = {1, 1, -1, -1}


m0…3,4 = {1, -1, -1, 1}

The polarity of the pilot subcarriers on the transmit antennas 1, 2, 3 and 4 is then controlled by the same sequence pn,1, pn,2, pn,3 and pn,4 respectively. These sequences are obtained as follows:


pn,1 = pn × mn,1


pn,2 = pn × mn,2

pn,3 = pn × mn,3

pn,4 = pn × mn,4
The subcarrier frequency allocation is shown in Figure 15. 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: image11]
1.4 TX block diagram

The general diagram of the TX for the OFDM PHY is shown in Figure 16.
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Figure 16 - Transmission Scheme

All incoming data is encoded by the CC (see section 3.5.2), punctured (see section 3.5.2), interleaved (see section 3.5.3) and mapped onto the chosen constellation. The outputs of the mapper are serial/parallel converted, interleaved over one OFDM symbol time and the space-time encoding is performed as defined in section 3.5. The IFFT and GI insertion finalizes the encoding step. 

Figure � SEQ Figure \* ARABIC �15� – Subcarrier frequency allocation with 128 subcarriers
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