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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 and ii) a second OFDM modulation using 104 data subcarriers among 128 in the 20MHz bandwidth. An additional puncturing pattern introducing a 5/6 code rate is also considered. The modifications introduced can be combined with larger channel bandwidths such as 40MHz, and also with advanced coding schemes such as Turbo and LDPC codes, even if not presented in this document.
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1 Introduction 

This document presents modifications to the physical layer specification IEEE 802.11a-1999. The main modifications are i) a multiple antenna extension and ii) a second OFDM modulation. The channel bandwidth considered at this stage is limited to the current 20MHz bandwidth.

By using multiple antennas, this proposal enables the transmission of 1, 2 or 3 parallel spatial streams, depending on the number of transmit and receive antennas, to achieve high data rates. In this proposal, the transmitter has either 2, 3 or 4 antennas, and the receiver has two or more antennas. A second OFDM modulation is introduced in order to further increase the achievable data rates; the main characteristics of this second OFDM modulation are 128 subcarriers in 20MHz (subcarrier frequency spacing 156,25kHz) with 104 data subcarriers (and 8 pilot subcarriers for a total number of used subcarriers of 112). With 48 data subcarriers, the minimum and maximum data rates achievable are 6Mbps and 180Mbps respectively. With 104 data subcarriers, the minimum and maximum data rates achievable are 7Mbps and 216Mbps 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).
Note that functional blocks such as scrambler, convolutional encoder and mapping are unchanged with respect to IEEE 802.11a-1999. Although not presented in this proposal, the modifications introduced can be combined with larger channel bandwidths such as 40MHz, and also with advanced coding schemes such as Turbo and LDPC codes.

2 RATE-dependent parameters

The RATE-dependent parameters for 2 transmit antennas shall be set according to Table 1 if 48 data subcarriers and according to Table 2 if 104 data subcarriers.

Table 1 - Rate-dependent parameters for 2 transmit antennas and 48 data subcarriers

	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


Table 2 - Rate-dependent parameters for 2 transmit antennas and 104 data subcarriers

	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)

	7Mbps
	1
	BPSK
	1/2
	1
	104
	52
	104

	14Mbps
	1
	QPSK
	1/2
	2
	208
	104
	104

	21Mbps
	1
	QPSK
	3/4
	2
	208
	156
	104

	28Mbps
	1
	16QAM
	1/2
	4
	416
	208
	104

	43Mbps
	1
	16QAM
	3/4
	4
	416
	312
	104

	57Mbps
	1
	64QAM
	2/3
	6
	624
	416
	104

	72Mbps
	1
	64QAM
	5/6
	6
	624
	520
	104

	86Mbps
	2
	16QAM
	3/4
	4
	416
	312
	104

	115Mbps
	2
	64QAM
	2/3
	6
	624
	416
	104

	130Mbps
	2
	64QAM
	3/4
	6
	624
	468
	104

	144Mbps
	2
	64QAM
	5/6
	6
	624
	520
	104


The RATE-dependent parameters for 3 or 4 transmit antennas shall be set according to Table 3 if 48 data subcarriers and according to Table 4 if 104 data subcarriers.

Table 3 - Rate-dependent parameters for 3 or 4 transmit antennas and 48 data subcarriers

	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


Table 4 - Rate-dependent parameters for 3 or 4 transmit antennas and 104 data subcarriers

	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)

	14Mbps
	2
	BPSK
	1/2
	1
	104
	52
	104

	28Mbps
	2
	QPSK
	1/2
	2
	208
	104
	104

	43Mbps
	2
	QPSK
	3/4
	2
	208
	156
	104

	57Mbps
	2
	16QAM
	1/2
	4
	416
	208
	104

	86Mbps
	2
	16QAM
	3/4
	4
	416
	312
	104

	115Mbps
	2
	64QAM
	2/3
	6
	624
	416
	104

	144Mbps
	2
	64QAM
	5/6
	6
	624
	520
	104

	173Mbps
	3
	64QAM
	2/3
	6
	624
	416
	104

	195Mbps
	3
	64QAM
	3/4
	6
	624
	468
	104

	216Mbps
	3
	64QAM
	5/6
	6
	624
	520
	104


Note that the data rates given in Table 2 and Table 4 are the largest integer values not exceeding the exact data rates.
3 Timing related parameters

Table 5 and Table 6 are the lists of timing parameters associated with the 2 OFDM modulations. 

Table 5 –Timing-related parameters if 48 data subcarriers

	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 6 –Timing-related parameters if 104 data subcarriers

	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
	0.8(s

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


Table 7 is the list of timing parameters associated with the preamble, for 2, 3 and 4 transmit antennas.
Table 7 – Timing-related parameters for the preamble
	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 siganel bandwidth as with 112 subcarriers amon 128 in 20MHz.
4 nPLCP preamble

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.

4.1 nSTS

In the definition of the nPLCP preamble, a nSTS short training sequence is used. The nSTS short training sequence is composed of 10 identical short symbols STS1, …, STS10, as indicated in Figure 1.
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Figure 1 – 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.

4.2 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 2. 
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Figure 2 – 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}

4.3 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 3.
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Figure 3 – Illustration of the cyclic shifting operation

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

4.4 nPLCP preamble structure

Given the above definitions, the nPLCP preamble structure for NTX=2 is given in Figure 4.
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Figure 4 – nPLCP preamble structure for NTX =2
Given the above definitions, the nPLCP preamble structure for NTX =3 is given in Figure 5.
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Figure 5 – nPLCP preamble structure for NTX =3

Given the above definitions, the nPLCP preamble structure for NTX =4 is given in Figure 6.
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Figure 6 – nPLCP preamble structure for NTX =4

5 Multiple antenna transmit schemes 

The multiple antenna schemes that will be used to transmit the symbols from 2, 3 or 4 antennas rely on Spatial Division Multiplexing (SDM) or on Space-Time Block Coding (SDM). 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.

Table 8 - 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 7, Figure 8, Figure 9 REF _Ref80090697 \h 
 \* MERGEFORMAT and Figure 10. 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.

[image: image8.emf]*

2

s



1

s

*

1

s

2

s

*

4

s

3

s

*

2

s



1

s

*

1

s

2

s

*

4

s

3

s

spatial stream #1

spatial stream #2

*

2

s



1

s

*

1

s

2

s

*

4

s

3

s

*

2

s



1

s

*

1

s

2

s

*

4

s

3

s

spatial stream #1

spatial stream #2


Figure 7 - Transmission of 1 spatial stream on 2 antennas

[image: image9.emf]spatial stream #1

spatial stream #2

spatial stream #3

*

4

s

*

6

s

*

2

s



1

s

*

1

s

2

s

3

s

5

s

spatial stream #1

spatial stream #2

spatial stream #3

*

4

s

*

6

s

*

2

s



1

s

*

1

s

2

s

3

s

5

s


Figure 8 - Transmission of 2 spatial streams on 3 antennas
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Figure 9 - Transmission of 2 spatial streams on 4 antennas
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Figure 10 - Transmission of 3 spatial streams on 4 antennas
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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 multiple 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. 

7 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 11.
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Figure 11 – Bit-stealing and bit-insertion procedure for R=5/6

8 Data interleaving

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).
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After subcarrier modulation mapping, all symbols shall be allocated to the NS streams to be transmitted to the multiple antenna transmit block, as illustrated in Figure 12. 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.
Figure 12 - Symbol division

In Figure 12, the multiple antenna transmit block applies one of the multiple antenna transmit schemes described in section 5. If the number of transmit antennas is higher than the number of spatial streams to be transmitted, it applies one of the space-timeblock codes described in Figure 7, Figure 8, Figure 9 or Figure 10. 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.
9 Pilot subcarriers

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 10.1.

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 0.
10 OFDM modulation 

10.1 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
10.2 128 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


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 10.1, 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 13. 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.

Figure � SEQ Figure \* ARABIC �13� – Subcarrier frequency allocation with 128 subcarriers
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