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Abstract

The following is an IEEE 802.11 TGn physical layer specification proposed by ETRI. This document describes the physical layer specification of high data rate wireless LAN system targeting the maximum speed of 144Mbps in 20MHz bandwidth and 288Mbps in 40MHz bandwidth to achieve at least 100Mbps maximum throughput at the top of the MAC SAP (Service Access Point). Additionally, this specification has compatibility with IEEE 802.11a legacy-OFDM systems. For more cost effective implementation, 2 transmit chains and dual band (two 20MHz bandwidth channels) scheme are utilized. 

Features of this high throughput wireless LAN specification include the followings:

· Compatible with the IEEE802.11a system

· Data rate in 20MHz bandwidth
· 6,9,12,18,24,36,48,54 (IEEE 802.11a Legacy OFDM and optional STBC-OFDM modes)
· 72,96,108, 128, 144Mbps (SDM-OFDM mode with 2 independent data streams, 128 and 144Mbps are optional)
· The above data rates are doubled in 40MHz bandwidth 
· Bandwidth: 20 and 40MHz

· Multiple antennas: 2 transmit antennas (3 receive antennas are recommended. To utilized all antennas, implementer can use transmit antenna selection (2 out of 3 antennas).)
· Modulation: Legacy-OFDM, MIMO-OFDM including SDM-OFDM and STBC-OFDM
· Forward error correction: Rate variable punctured convolutional code
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4. Abbreviations and acronyms
Insert the following acronyms alphabetically in the list in Clause 4:

MIMO

Multiple Input Multiple Output

SDM

Spatial Division Multiplexing

STBC

Space-Time Block Code

20. MIMO-OFDM specification

20.1 Introduction

This clause specifies rate extension of OFDM PHY systems of Clause 17. The target of this PHY specification is to achieve at least 100Mbps maximum throughput at the top of the MAC SAP. For this purpose, this specification provides maximum of 144Mbps and 288Mbps in 20 and 40MHz bandwidth, respectively.

The legacy OFDM PHY modes with single transmit antenna and 20MHz bandwidth in Clause 17 provides a wireless LAN data pay load communication capabilities of 6, 9, 12, 18, 24, 36, 48 and 54Mbps. As the demands for high-speed data transmission in home, enterprise and hot-spot environments have increased, the new technology capable of hundreds Mbps data transmission is required. As a solution for this target, the new PHY modes are suggested using 2 transmit antennas and dual band modes, which can offer maximum of 288Mbps. In 20MHz bandwidth case, data rates of 72, 96, 108, 128 and 144 Mbps are added. If dual band (40MHz bandwidth) is employed, the PHY supports 12, 18, 24, 36, 48, 72, 96 and 108 Mbps which transmit single data stream through 1 transmit antenna and 144, 192, 216, 256 and 288Mbps which transmit two data streams simultaneously through 2 transmit antennas.

In addition to these high data rate SDM-OFDM mode, further reliability improvement can be achieved by using the well-known Alamouti space-time block code in the transmitter in STBC-OFDM mode. 

20.1.1 Scope

This subclause describes the PHY services provided to the IEEE 802.11 wireless LAN using MIMO-OFDM technologies, which is compatible with legacy IEEE 802.11a system. The PHY layer consists of two protocol functions, as follows:

a) A PHY convergence function, which adapts the capabilities of the physical medium dependent (PMD) system to the PHY services. 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 OFDM system.

20.1.2 MIMO-OFDM PHY functions 

The MIMO-OFDM PHY architecture is depicted in the reference model shown in Figure 11 of IEEE Std 802.11. 1999 Edition (5.8). The MIMO-OFDM PHY contains three functional entities: the PMD function, the PHY convergence function, and the layer management function. Each of these functions is described in detail in 20.1.2.1 through 20.1.2.4.

The MIMO-OFDM PHY service is provided to the MAC through the PHY service primitives described in Clause 12 of IEEE Std 802.11, 1999 Edition.

20.1.2.1 PLCP sublayer

In order to allow the IEEE 802.11 MAC to operate with minimum dependence on the PMD sublayer, a PHY convergence sublayer is defined. This function simplifies the PHY service interface to the IEEE 802.11 MAC services.

20.1.2.2 PMD sublayer

The PMD sublayer provides a means to send and receive data between two or more stations. This clause is concerned with the legacy OFDM and MIMO-OFDM modulation.

20.1.2.3 PHY management entity (PLME)

The PLME performs management of the local PHY functions in conjunction with the MAC management entity.

20.1.2.4 Service specification method

The models represented by figures and state diagram are intended to be illustrations of the functions provided. It is important to distinguish between a model and a real implementation. The models are optimized for simplicity and clarity of presentation; the actual method of implementation is left to the discretion of the IEEE 802.11 MIMO-OFDM PHY compliant developer.

The service of a layer or sublayer is the set of capabilities that it offers to a user in the next high layer (or sublayer). Abstract services are specified here by describing the service primitives and parameters that characterize each service. This definition is independent of any particular implementation.

20.2 MIMO-OFDM PHY specific service parameter list

20.2.1 Introduction

The architecture of the IEEE 802.11 MAC is intended to be PHY independent. Some PHY implementations require medium management state machines running in the MAC sublayer in order to meet certain PMD requirements. These PHY-dependent MAC state machines reside in a sublayer defined as the MAC sublayer management entity (MLME). In certain PMD implementations, the MLME may need to interact with the PLME as part of the normal PHY SAP primitives. These interactions are defined by the PLME parameter list currently defined in the PHY service primitives as TXVECTOR and RXVECTOR. The list of these parameters, and the values they may represent, are defined in the specific PHY specifications for each PMD. This subclause addresses the TXVECTOR and RXVECTOR for the legacy OFDM and MIMO-OFDM PHY.
20.2.2 TXVECTOR parameters

The parameters in Table 124A are defined as a part of the TXVECTOR parameter list in the PHY-TXSTART.request service primitive.

Table 124A – TXVECTOR parameters

	Parameter
	Associate primitive
	Value

	LENGTH
	PHY_TXSTART.request

(TXVECTOR)
	1-4095. This parameter means the length per 20MHz band.

In dual band case, a real data length shall be 2(LENGTH.

	DATARATE
	PHY_TXSTART.request

(TXVECTOR)
	Data rate corresponding to one 20MHz bandwidth. (Real data rates are doubled in case of 40MHz dual band.)

6, 9, 12, 18, 24, 36, 48, and 54 (Both legacy and STBC-OFDM are possible. STBC-OFDM is optional)
72, 96, 108, 128 and 144 (SDM-OFDM, 128 and 144Mbps are optional.)

	BANDWIDTH
	PHY_TXSTART.request

(TXVECTOR)
	PHY can use consecutive two 20MHz bands for higher data rate. 

This is information about channel usage.

Lower band (channel 0), Upper band (channel 1), and Dual band

	MODE
	PHY_TXSTART.request

(TXVECTOR)
	The transmission scheme is used for the transmission of this PSDU.

Legacy OFDM, STBC-OFDM and SDM-OFDM.

	SERVICE
	PHY_TXSTART.request

(TXVECTOR)
	Scrambler initialisation; 7 null bits + 9 reserved null bits

	TXPWR_LEVEL
	PHY_TXSTART.request

(TXVECTOR)
	1-8

This power level represents the total transmit power of all transmit antennas.


20.2.2.1 TXVECTOR LENGTH

The allowed values for the LENGTH parameter are in the range of 1–4095. This parameter is used to indicate the number of octets in the MPDU which the MAC is currently requesting the PHY to transmit in one 20MHz band. If the dual band mode (40MHz) is used, the total number of transmitted data is 2(LENGTH octets. This value is used by the PHY to determine the number of octet transfers that will occur between the MAC and the PHY after receiving a request to start the transmission.
20.2.2.2 TXVECTOR DATARATE

The DATARATE parameter describes the bit rate at which the PLCP shall transmit the PSDU. Its value can be any of the rates defined in Table 124A. Real data rates are determined by the DATARATE and BANDWIDTH. In case of single band (Upper or Lower channel), data rates of 6, 9, 12, 18, 24, 36, 48, 54, 72, 96, 108, 128, and 144 shall be supported. Moreover, 128 and 144Mbps are optional data rates. In case of dual band, data rates are doubled. 

20.2.2.3 TXVECTOR BANDWIDTH

The BANDWIDTH parameter indicates the utilized bandwidth by PHY to transmit the PSDU. Its value shall represent lower, upper, or dual band. According to this information, real data rate shall be varied as mentioned in the above subclause.

20.2.2.4 TXVECTOR MODE

This value, MODE, shall represent the transmission mode type. The allowed types of the MODE are legacy OFDM, STBC-OFDM or SDM-OFDM where STBC-OFDM is optional.

20.2.2.5 TXVECTOR SERVICE

The SERVICE parameter consists of 7 null bits used for the scrambler initialization and 9 null bits reserved for future use.
20.2.2.6 TXVECTOR TXPWR_LEVEL

The allowed values for the TXPWR_LEVEL parameter are in the range from 1–8. This parameter is used to indicate which of the available TxPowerLevel attributes defined in the MIB shall be used for the current transmission. If two transmit antennas are used for PSDU transmission, TXPWR_LEVEL means the total power of transmitted signal through both antennas. 
20.2.3 RXVECTOR parameters

The parameter listed in Table 124B are defined as a part of the RXVECTOR parameter list in the PHY-RXSTART.indicate service primitive.

Table 124B – RXVECTOR parameters

	Parameter 
	Associate primitive
	Value

	LENGTH
	PHY-RXSTART.indicate

(RXVECTOR)
	1-4095. This parameter means the length per 20MHz band.

In dual band case, a real data length shall be 2(LENGTH.

	RSSI
	PHY-RXSTART.indicate

(RXVECTOR)
	0-RSSI maximum. 

It has the same number of values as the number of receive antennas.

	DATARATE
	PHY-RXSTART.indicate

(RXVECTOR)
	Data rate corresponding to one 20MHz bandwidth. (Real data rates are doubled in case of 40MHz dual band.)

6, 9, 12, 18, 24, 36, 48, and 54 (Both legacy and STBC-OFDM are possible. STBC-OFDM is optional)
72, 96, 108, 128 and 144 (SDM-OFDM, 128 and 144Mbps are optional.)

	BANDWIDTH
	PHY-RXSTART.indicate

(RXVECTOR)
	PHY can use consecutive two 20MHz bands for higher data rate. 

This is information about channel usage.

Lower band (channel 0), Upper band (channel 1), and Dual band

	MODE
	PHY-RXSTART.indicate

(RXVECTOR)
	The mode used for the transmission of this PSDU

Legacy OFDM, STBC-OFDM and SDM-OFDM.

	SERVICE
	PHY-RXSTART.indicate

(RXVECTOR)
	Null


20.2.3.1 RXVECTOR LENGTH

The allowed values for the LENGTH parameter are in the range from 1–4095. This parameter is used to indicate the value contained in the LENGTH field which the PLCP has received in the PLCP header per 20MHz band. If the dual band mode (40MHz) is used, the total number of received data is 2(LENGTH octets. The MAC and PLCP will use this value to determine the number of octet transfers that will occur between the two sublayers during the transfer of the received PSDU.
20.2.3.2 RXVECTOR RSSI

The allowed values for the receive signal strength indicator (RSSI) parameter are in the range from 0 to RSSI maximum. This parameter is a measure by the PHY sublayer of the energy observed at the antenna used to receive the current PPDU. RSSI shall be measured during the reception of the PLCP preamble. RSSI is intended to be used in a relative manner, and it shall be a monotonically increasing function of the received power. In case of multiple receive antennas, each antenna has its own RSSI value.
20.2.3.3 RXVECTOR DATARATE

DATARATE shall represent the data rate at which the current PPDU was received for the single 20MHZ band. The allowed values of the DATARATE are 6, 9, 12, 18, 24, 36, 48, and 54 for legacy OFDM or STBC-OFDM modes. For SDM-OFDM mode, 72, 96, 108, 128, and 144Mbps are the supported data rates. 

20.2.3.4 RXVECTOR BANDWIDTH

The BANDWIDTH parameter indicates the utilized bandwidth of current PPDU. Its value shall represent lower, upper, or dual band. According to this information, real data rate shall be varied

20.2.3.5 RXVECTOR MODE

This value, MODE, shall represent the transmission scheme. The allowed types of the MODE are legacy OFDM, STBC-OFDM, and SDM-OFDM.
20.2.3.6 RXVECTOR SERVICE

The SERVICE field shall be null.
20.3 MIMO-OFDM PLCP sublayer

20.3.1 Introduction

This subclause provides a convergence procedure in which PSDUs are converted to and from PPDUs. During transmission, the PSDU shall be provided with a PLCP preamble and header to create the PPDU. At the receiver, the PLCP preamble and header are processed to aid in demodulation and delivery of the PSDU.
20.3.2 PLCP frame format

The frame structure of the transmit signal is shown in Figure 154A. The frame structure is the same as that of the IEEE802.11a to be compatible with the legacy systems (IEEE802.11a) except for the antenna bit and second long preambles. This frame structure allows for the legacy devices to demodulate the packet transmitted by MIMO-OFDM device. In both STBC-OFDM and SDM-OFDM modes, additional long preamble is appended after SIGNAL symbol to improve the channel estimation capability. In case that the legacy receiver detects MIMO-OFDM frame, it can decode up to the SIGNAL symbol and wait for the end of packet reception.

The antenna bit in combination with a part of the rate information determines the transmission mode. The length field carries the information about the number of bytes in the PSDU to transmit per 20MHz bandwidth. The parity bit is the even parity for bits in rate, antenna, and length fields. The tail bits are 6 zero bits used to flush the decoder state. The SIGNAL symbol is coded with the rate 1/2 and the subcarriers are modulated with BPSK. The service field consists of 7 zero bits to initialize the descrambler in the receiver and 9 reserved service bits. The PSDU is the data requested to transmit from the MAC. The tail bits in the data field is 6 zero bits to make the decoder converge to a single state in the receiver.  The pad bits, all zeros, are used to fill the unused subcarriers in the last OFDM symbol. 

When a single transmit antenna is used, the modulated signal of the preamble, header, and SIGNAL symbol is the same as that of IEEE802.11a. When two transmit antennas are used, half of the information of the preamble and SIGNAL symbol is transmitted through the antenna 0 and the other half through the antenna 1. When two channels are used (40MHz bandwidth), the same preamble and SINGAL symbol are transmitted through each 20MHz channel. For more detail, refer to the corresponding subclauses.

For a single antenna system, the data field is generated as in the IEEE802.11a. For the dual antenna system, the data field is generated independently for each antenna (SDM-OFDM) or according to the chosen STBC coding rule (STBC-OFDM). For the dual band systems, the data field for each channel is independently scrambled and encoded. The SIGNAL symbol does not carry any information about the channel usage. The receiver should decide if the signal is transmitted through 1 or 2 channels.
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(a) Legacy OFDM PPDU frame format
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(b) STBC-OFDM and SDM-OFDM PPDU frame format

Figure 154A – PPDU frame format
20.3.2.1 Overview of the PPDU encoding process

The encoding process is composed of many detailed steps, which are described fully in later subclauses, as noted below. The following overview intends to facilitate understanding the details described in these subclauses:
a) Produce the PLCP preamble field, composed of 10 repetitions of a “short training sequence” (used for AGC convergence, timing acquisition, and coarse frequency acquisition in the receiver) and two repetitions of a “long training sequence” (used for channel estimation, fine frequency acquisition and band detection to determine which band, upper, lower or both bands, is used for PPDU transmission), preceded by a guard interval (GI). If 2 transmit antennas are used for STBC-OFDM and SDM-OFDM modes, antennas 0 (one antenna) carries only even subcarriers of legacy short and long sequences and antenna 1 (the other antenna) odd ones. In addition to this, another long preamble field is added for MIMO channel estimation after SIGNAL symbol in STBC-OFDM and SDM-OFDM modes. In this case, antenna 0 carries odd subcarriers of preambles and antenna 1 even ones. Refer to 20.3.3 for details.
b) Produce the PLCP header field from the DATARATE, LENGTH, MODE and SERVICE fields of the TXVECTOR by filling the appropriate bit fields. The RATE, ANTENNA and LENGTH fields of the PLCP header are encoded by a convolutional code at a rate of R = 1/2, and are subsequently mapped onto a single BPSK encoded OFDM symbol, denoted as the SIGNAL symbol. In order to facilitate a reliable and timely detection of the RATE, ANTENNA and LENGTH fields, 6 “zero” tail bits are inserted into the PLCP header. The encoding of the SIGNAL field into an OFDM symbol follows the same steps for convolutional encoding, interleaving, BPSK modulation, pilot insertion, Fourier transform, and prepending a GI as described subsequently for data transmission at 6 Mbits/s. The contents of the SIGNAL field are not scrambled. In case of STBC-OFDM and SDM-OFDM, SIGNAL field subcarriers are distributed to 2 transmit antennas by the same rule of the first long preamble. Refer to 20.3.4 for details.
c) Calculate from DATARATE field of the TXVECTOR the number of data bits per OFDM symbol (NDBPS), the coding rate (R), the number of bits in each OFDM subcarrier (NBPSC), and the number of coded bits per OFDM symbol (NCBPS). Refer to 20.3.4.1 for details.
d) Append the PSDU to the SERVICE field of the TXVECTOR. Extend the resulting bit string with “zero” bits (at least 6 bits) so that the resulting length will be a multiple of NDBPS. Especially in STBC-OFDM, the resulting length should be a multiple of 2(NDBPS because a pair of OFDM symbols (two consecutive OFDM symbols) is STBC encoded together. In case that dual band is used, the pad bits are added to each band frame in that the frame for each band is considered as independent to each other. The resulting bit string constitutes the DATA part of the packet for each 20MHz band. Refer to 20.3.5.3 for details. 

e) Initiate the scrambler with a pseudorandom non-zero seed, generate a scrambling sequence, and XOR it with the extended string of data bits. This scrambling is performed for each band. Therefore 2 scramblers are needed for dual band case and these two scramblers have the same seed.  Refer to 20.3.5.5 for details.
f) Replace the six scrambled “zero” bits following the “data” with six nonscrambled “zero” bits. (Those bits return the convolutional encoder to the “zero state” and are denoted as “tail bits.”) Refer to 20.3.5.2 for details.
g) Encode the extended, scrambled data string with a convolutional encoder (R = 1/2). Omit (puncture) some of the encoder output string (chosen according to “puncturing pattern”) to reach the desired “coding rate.” Encoding process is also performed independently for each 20MHz band as in the case of scrambling process. Two bands have same coding rate in dual band mode. Refer to 20.3.5.6 for details.
h) Divide the encoded bit string into groups of NCBPS bits in single band case. 2(NCBPS bits are considered as one group in dual band where the first half of NCBPS bits come from channel 0 and the second half from channel 1. Within each group, perform an “interleaving” (reordering) of the bits according to a rule corresponding to the desired RATE and BANDWIDTH field information. Refer to 20.3.5.7 for details.
i) Divide the resulting coded and interleaved data string into groups of NCBPS bits in single band case. 2(NCBPS bits are considered as one group in dual band. For each of the bit groups, convert the bit group into a complex number according to the modulation encoding tables. Refer to 20.3.5.8 for details.
j) The complex number sting is distributed to 2 antennas for MIMO-OFDM. In STBC-OFDM case, STBC is applied to this string in this procedure. Divide the complex number string into groups of 48 complex numbers for single band mode. In dual band mode, one group is composed with 96 complex numbers. Each group will be associated with one OFDM symbol. In each group, the complex numbers will be numbered 0 to 47 or 0 to 95 depending on the number of channels used and mapped hereafter into OFDM subcarriers. 
k) Four subcarriers are inserted as pilots into positions –21, –7, 7, and 21 for each band. The total number of the subcarriers is 52 (48 + 4) and 104(96+8) in single and dual band mode, respectively. Refer to 20.3.5.12 for details.
l) For each group of subcarriers –26 to 26 (64 IFFT) or –58 to 58 (128 IFFT), convert the subcarriers to time domain using inverse Fourier transform. Prepend to the Fourier-transformed waveform a circular extension of itself thus forming a GI, and truncate the resulting periodic waveform to a single OFDM symbol length by applying time domain windowing. Refer to 20.3.5.13 for details.
m) Append the OFDM symbols one after another, starting after the SIGNAL symbol for legacy OFDM. In MIMO-OFDM case, data portion of OFDM symbol starts after the second long preambles.

n) Up-convert the resulting “complex baseband” waveform to an RF frequency according to the center frequency of the desired channel and transmit.
An illustration of the transmitted frame and its parts appears in Figure 154B of 20.3.3.
20.3.2.2 RATE-dependent parameters
Refer Table 124D.

20.3.2.3 Timing related parameters

Table 124C is the list of timing parameters associated with the PLCP.

Table 124C – Timing-related parameters

	Parameter
	Value

	
	Single band

(One 20MHz channel) 
	Dual band

(Two 20MHz channels)

	NSD : Number of subcarriers
	48
	96

	NSP : Number of pilot subcarriers
	4
	8

	NST : Number of subcarriers, total
	52(NSD+NSP)
	104(NSD+NSP)
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: Subcarrier frequency spacing
	0.3125MHz (=20MHz/64)
	0.3125MHz (=40MHz/128)

	TFFT : IFFT/FFT period
	3.2(s (1/
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	Tpreamble : PLCP preamble duration
	16(s (TSHORT+TLONG) 

for legacy OFDM

24(s (TSHORT+2(TLONG) 

for MIMO-OFDM
	16(s (TSHORT+TLONG) 

for Legacy OFDM

24(s (TSHORT+2(TLONG) 

for MIMO-OFDM

	TSIGNAL : Duration of the SIGNAL
	4.0(s (TGI+TFFT)
	4.0(s (TGI+TFFT)

	TGI : GI duration
	0.8(s (TFFT/4)
	0.8(s (TFFT/4)

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

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

	TSHORT : Short training sequence duration
	8(s (10(TFFT/4)
	8(s (10(TFFT/4)

	TLONG : Long training sequence duration
	8(s (TGI2+2(TFFT) for legacy OFDM

16(s for MIMO-OFDM

(Before SIGNAL(first long):

8(s (TGI2+2(TFFT)

After SIGNAL(second long):

8(s (2(TGI+2(TFFT))
	8(s (TGI2+2(TFFT) for legacy OFDM

16(s for MIMO-OFDM

(Before SIGNAL(first long):

8(s (TGI2+2(TFFT)

After SIGNAL(second long):

8(s (2(TGI+2(TFFT))


20.3.3 PLCP Preambles

The preamble consists of the 10 short symbols and 2 long symbols in legacy OFDM mode as in the IEEE802.11a. In MIMO-OFDM modes, the second long preamble follows SIGNAL symbol. See Figure 154B and the following subclauses for the details. 
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Figure 154B - Preamble structure.
20.3.3.1 Preamble for single antenna and single band mode

For the single antenna and single channel transmission, the short training sequence consists of 12 subcarriers, which are modulated by the sequence given by
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The signal to transmit is generated by


[image: image9.wmf]å

-

=

×

D

×

×

×

=

26

26

2

)

(

)

(

k

t

f

k

j

k

TSHORT

SHORT

e

S

t

w

t

r

p





(2)

where 
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The long training sequence consists of 52 subcarriers, which are modulated by the sequence given by
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The signal to transmit is generated by
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where 
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The preamble is obtained by concatenating the short and long preambles as follows:
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 (5)

20.3.3.2 Preamble for dual antenna and single band mode

For the dual transmit antenna and single channel system, the half of the subcarriers are transmitted through one antenna and the other half through the other antenna. The short preamble transmitted through the antenna 0 consists of 6 subcarriers, which are modulated by the sequence given by
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Similarly the short preamble transmitted through the antenna 1 consists of 6 subcarriers modulated by the sequence given by
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The short preamble signal to transmit through the antenna 0 and 1 are given by
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and
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respectively. 

The long preamble for the antenna 0 consists of 26 subcarriers, which are modulated by the sequence given by
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(10)

The long preamble transmitted through the antenna 1 is modulated by the sequence give by
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The time-domain signals for antenna 0 and 1 are obtained by
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and
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, respectively.

The combined preamble signals for antenna 0 and 1 are given by
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(2.14)

and
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(2.15)

20.3.3.3 Preamble for single antenna and dual band mode

For dual channel transmission, the same preamble as in the single channel of Subclause 20.3.3.1 is transmitted through each channel. For the baseband signal representation, the subcarrier indices are shifted by 32 and occupies from –58 to +58. Among them the subcarriers –58 through –6 are assigned for the channel (or band) 0 and +6 through +58 for the channel (or band) 1. The sequences modulating subcarriers for the short preamble is given by
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(16)

The time-domain short preamble is given by
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The long OFDM symbol consists of 104 subcarriers, which are modulated by the sequence given by
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The signal to transmit is generated by
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The preamble is obtained by concatenating the short and long preambles as follows:
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(20)

20.3.3.4 Preamble for dual antenna and dual band mode

Half of the subcarriers specified in Subclause 20.3.3.2 are transmitted through the antenna 0 and the other half are transmitted through the antenna 1. The same preamble signal generated in this way is transmitted through both of two channels.  The short preamble sequences modulating the subcarriers transmitted through the antenna 0 and 1 are given by
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and
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The respective transmit signals are given by
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and
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The subcarrier sequences for the long preamble for the two antennas are generated in a similar fashion as given by
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and
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Two long preamble signals for each antenna are given by
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and
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The combined preamble signals for antenna 0 and 1 are given by
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and
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20.3.4 Signal field (SIGNAL)

The signal field bit assignment is shown in Figure 154C. The signal field consists of multiple subfields including RATE, ANTENNA, LENGTH, PARITY, and TAIL. The RATE and ATENNA subfields indicates the subcarrier modulation method, coding rate, transmit antenna mode. The PARITY bit is the even parity bit for the subfields RATE, ANTENNA, and LENGTH. The TAIL bits are 6 zeros. In the single antenna case, these SIGNAL field bits are coded with the convolutional encoder with the rate 1/2, interleaved, and modulated the subcarriers by following the BPSK modulation. If two antennas are used for transmission, one half of the modulated subcarriers are transmitted through one antenna and the other half through the other antenna. If two channels are used for data transmission, the same signal OFDM symbol is transmitted through both channels.
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Figure 154C - Signal field bit assignment.

20.3.4.1 Data rate (RATE) and antenna mode (ANTENNA) 

The data rate, subcarrier modulation, coding rate, transmit antenna mode and so on are specified as shown in Table 124D. In dual band case, the actual transmission data rate is doubled over single band case, while the other parameters remain the same.

Table 124D – RATE and ANTENNA field definition and rate-dependent parameters

	{R1-R4,A}
	Data Rate (Mbps)
	Modulation
	Coding Rate
	Coded bits per subcarrier
(NBPSC)
	Coded bits per OFDM symbol
(NCBPS)
	Data bits per OFDM symbol
(NDBPS)
	Antenna mode

	1101X
	6
	BPSK
	1/2
	1
	48
	24
	Legacy OFDM

	1111X
	9
	BPSK
	3/4
	1
	48
	36
	Legacy OFDM

	0101X
	12
	QPSK
	1/2
	2
	96
	48
	Legacy OFDM

	0111X
	18
	QPSK
	3/4
	2
	96
	72
	Legacy OFDM

	1001X
	24
	16QAM
	1/2
	4
	192
	96
	Legacy OFDM

	1011X
	36
	16QAM
	3/4
	4
	192
	144
	Legacy OFDM

	0001X
	48
	64QAM
	2/3
	6
	288
	192
	Legacy OFDM

	0011X
	54
	64QAM
	3/4
	6
	288
	216
	Legacy OFDM

	11000
	6
	BPSK
	1/2
	1
	48
	24
	STBC-OFDM

	11100
	9
	BPSK
	3/4
	1
	48
	36
	STBC-OFDM

	01000
	12
	QPSK
	1/2
	2
	96
	48
	STBC-OFDM

	01100
	18
	QPSK
	3/4
	2
	96
	72
	STBC-OFDM

	10000
	24
	16QAM
	1/2
	4
	192
	96
	STBC-OFDM

	10100
	36
	16QAM
	3/4
	4
	192
	144
	STBC-OFDM

	00000
	48
	64QAM
	2/3
	6
	288
	192
	STBC-OFDM

	00100
	54
	64QAM
	3/4
	6
	288
	216
	STBC-OFDM

	10101
	72
	16QAM
	3/4
	8
	384
	288
	SDM-OFDM

	00001
	96
	64QAM
	2/3
	12
	576
	384
	SDM-OFDM

	00101
	108
	64QAM
	3/4
	12
	576
	432
	SDM-OFDM

	11001
	128
	256QAM
	2/3
	16
	768
	512
	SDM-OFDM

	01001
	144
	256QAM
	3/4
	16
	768
	576
	SDM-OFDM


20.3.4.2 PLCP length field (LENGTH)

The LENGTH subfield is an unsigned integer representing the number of bytes in the PSDU transmitted per 20MHz band. When dual band is used, the maximum number of bytes transmitted can be as large as 2*4095.
20.3.4.3 Parity (P), and Signal tail (SIGNAL TAIL)

Bit 17 shall be a positive parity (even parity) bit for bits 0-16. The bits 18-23 constitute the SIGNAL TAIL field, and all 6 bits shall be zero. The TAIL subfield is 6 zeros used to have the state of the convolutional decoder converge to one known state.
20.3.4.4 SIGNAL transmission for single antenna and single band mode

Denoting the BPSK symbol sequence modulating subcarriers from –26 to 26 by 
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where 
[image: image48.wmf])
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 is a windowing function for one OFDM symbol. For the definition of 
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, refer to 
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 in subclause 17.3.5.9. 
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 is subcarrier allocated output of SIGNAL symbol.

20.3.4.5 SIGNAL transmission for dual antenna and single band mode

Denote the BPSK symbol sequence modulating subcarriers from –26 to 26 by 
[image: image52.wmf]k
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, where 
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. This sequence is partitioned into two groups for transmitting through each antenna as follows. This is the same rule for the first long training sequence. SIGNAL symbol for antenna 0 is given by
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and antenna 1 is given by
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where the scaling factor,
[image: image56.wmf]2

, is added to normalize the power of the each OFDM symbol in the same frame.

The transmit signal for the antenna 0 and 1 are given by
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where 
[image: image58.wmf]}
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 that stands for antenna index.

20.3.4.6 SIGNAL transmission for single antenna and dual band mode

For single antenna and dual channel transmission, the sequence modulating subcarriers are obtained by cascading the same sequence as for the single band described in Subclause 20.3.4.4:
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Then the transmit signal is given by
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20.3.4.7 SIGNAL transmission for dual antenna and dual band mode

Using the subcarrier modulating sequences 
[image: image61.wmf])
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 given in 20.3.4.5, the sequences transmitted through the dual antenna and dual band are obtained as 
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and
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Then transmit signal is given by
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where 
[image: image66.wmf]}
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20.3.5 DATA field

The DATA field consists of service, PSDU, tail, and pad bits. All these bits are scrambled, encoded by following the convolutional coding rule, interleaved, and mapped to subcarrier modulating symbols. If two channels (dual band) are used for data transmission, the PSDU transferred from the MAC is partitioned into two PSDUs before scrambling them. The even numbered 4 bits of each byte are directed to the channel 0 and odd numbered bits of each byte to the channel 1. The first bit is numbered as 0. The channel 0 occupies the 20MHz band while the channel 1 occupies the higher adjacent 20MHz band.
20.3.5.1 Service field (SERVICE)

The SERVICE field further consists of 7 zero bits for descrambler initialization in the receiver and 9 reserved service bits. The 7 zero bits are transmitted first and then the 9 reserved bits are transmitted. Refer to Figure 112.

20.3.5.2 PPDU tail bit field (TAIL)

The 6 bits of zeros constitute the TAIL subfield. These known bit sequence is used to converge the convolutional decoder in the receiver to a known state. The PLCP tail bit field shall be produced by replacing six scrambled “zero” bits following the message end with six nonscrambled “zero” bits.

20.3.5.3 Pad bits (PAD)

The total number of bits in the SERVICE, PSDU and TAIL may not be the integer multiple of data bits per OFDM symbol for selected data rate. These PAD bits are added to make the total number of bits in the DATA field to be an integer multiple of NDBPS (the data bits per OFDM symbol). The PAD bits shall be all zeros. Refer to 17.3.5.4 for more details. The all zero PAD bits are also added to make the number of OFDM symbol even when the STBC-OFDM transmission is selected. The pad bits are added to each frame of channel 0 and 1 in dual band case.

20.3.5.4 Data arbitrator for two channel (dual band)

When two channels are used for data transmission, the PSDU data transferred from the MAC is partitioned into two data sequences for transmission through each channel. The even numbered 4 bits are directed to the channel 0 and odd numbered 4 bits to the channel 1. The first bit is numbered as 0. The channel 0 occupies the lower 20MHz frequency band and the channel 1 the upper 20MHz frequency band. These two data sequences are independently scrambled, encoded by the convolutional coding rule, interleaved, and modulated as described below. Figure 154D shows the data arbitrator. When only one channel is used, the input of the arbitrator gets one byte of data and is directed to the either channel 0 or 1 as indicated in TXVECTOR.
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Figure 154D - data arbitrator

20.3.5.5 PLCP DATA scrambler and descrambler

Refer to Subclause 17.3.5.4. 

If two channels are used, each channel is independently scrambled with the same seed.

20.3.5.6 Convolutional encoder

Refer to Subclause 17.3.5.5.

If two channels are used, two independent convolutional encoders are used for upper and lower bands, respectively.

20.3.5.7 Data interleaving

Interleaving for the single channel case, at first, is shown as follows:

The encoded bits are interleaved by a block interleaver whose size is equal to the number of coded bits in one OFDM symbol. The first step interleaving is defined by
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where i is the index of the coded bit after the first permutation of interleaving, k is the index of the coded bits before the first permutation, 
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N

 is the number of coded bits per OFDM symbol listed in Table 124D, and 
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 is an operator returning a largest integer which is smaller than or equal to x. The permutated bits by (40) are permutated one more time by
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where j is the index of the coded bit after the second permutation of interleaving by (41), and 
[image: image74.wmf])
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, where 
[image: image75.wmf]BPSC

N

 is the number of coded bits per subcarrier and m is 1 for single antenna legacy OFDM and STBC-OFDM cases and 1/2 for SDM-OFDM case.
The first and second permutations for deinterleaving procedure are given as equation (42) and (43).
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Interleaving for the dual band case, is shown as follows:

In this case, interleaving block size is doubled over the single band mode. Therefore the coded bits for two OFDM symbols of two channels are interleaved together. The first input bits, corresponding to 
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, come from the upper band (channel 1). The first step of interleaving is defined by
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The interleaved bits by (44) are interleaved one more time by
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where j is the index of the coded bit after the second interleaving by (45), and s is the same as the above definition.

The first and second permutations of deinterleaving procedure are given as equation (46) and (47).
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20.3.5.8 Subcarrier modulation mapping

For BSPK, QPSK, 16-QAM, and 64-QAM, refer to Subclause 17.3.5.7.

256-QAM modulation mapping is added only in SDM-OFDM mode as shown in Table 124D and is optional mapping method. In 256-QAM mapping, NBPSC is 8 bits which is converted into Gray-coded constellation mapping, illustrated in Figure 154E.  

In Table 81, the normalization factor, KMOD, for 256-QAM shall be added. 

	Modulation
	KMOD

	256-QAM
	1/(170


For 256-QAM, b0b1b2b3 determines the I value and b4b5b6b7 determines the Q value, as illustrated in Table 124E.
Table 124E - Mapping table for 8 bit group (256)
	Input bits (b0, b1, b2, b3)
	I-output
	Input bits (b4, b5, b6, b7)
	Q-output

	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
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Figure 154E – 256-QAM constellation bit encoding

20.3.5.9 Antenna Arbitration for legacy OFDM mode

For the legacy OFDM transmission using single band, the mapped complex numbers modulate the subcarriers composing the OFDM symbols. The symbol 
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 modulating the kth subcarrier of the nth OFDM symbol which is directed to ith transmit antenna in channel j is given by
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where 
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 can be directed to either transmit antenna 0 or 1 in channel 0 or 1.

For the legacy OFDM using dual band mode, one group consists of 96 complex numbers; the first 48 complex numbers are directed to channel 0 and the remaining 48 numbers to channel 1. Therefore, the complex numbers are distributed as following rules
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where 
[image: image99.wmf]n

k

c

96

+

 and 
[image: image100.wmf]48

96

+

+

n

k

c

 are the mapped complex number sequence, 
[image: image101.wmf]47

,

,

0

L

=

k

, and 
[image: image102.wmf]1

,

,

0

-

=

SYM

N

n

L

 for the DATA field with 
[image: image103.wmf]SYM

N

 OFDM symbols. i({0, 1}. The resulting data, 
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, can be directed to one of transmit antennas in channel 0 and 1, respectively.

20.3.5.10 Antenna Arbitration for STBC-OFDM mode

In case of STBC-OFDM using single band, the symbol 
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 modulating the kth subcarrier of the nth OFDM symbol is obtained by blockwise encoding of a pair of OFDM symbols by the STBC coding (Alamouti code) rule:
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for antenna 0 and
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for antenna 1, where j({0, 1}, 
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. The first OFDM symbol is numbered as 0.

For the dual band case, equation (50) and (51) are modified as follows:
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20.3.5.11 Antenna Arbitration for SMD-OFDM mode

In case of SDM-OFDM using single band, the symbol modulating the kth subcarrier of the nth OFDM symbol for the antenna 0 and 1 are given by
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and


[image: image114.wmf]n

k

j

n

k

c

d

×

+

+

×

=

96

1

2

)

,

1

(

,

,







(55)

respectively, where j({0, 1}, 
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For dual band case, equation (54) and (55) are modified as follows:
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20.3.5.12 Pilot subcarriers

Refer to 17.3.5.8.

Insert the following sentences at the end of the subclause 17.3.5.8:
In dual-band case, upper and lower band has the same pilot subcarrier allocation.

20.3.5.13 OFDM modulation

The OFDM symbol is obtained by applying the inverse FFT to the subcarrier modulating symbol sequence:
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where 
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The concatenation of 
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OFDM symbols can now be written as 
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For more details, refer to 17.3.5.9.

The transmit signal is generated by combining the two signals obtained for each channel (20MHz) as follows:
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where i 
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 is the transmit signal generated for the antenna i and channel 1. If only one channel is used, either 
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, shall be zero depending on the channel usage. For an implementation, either two 64 IFFT/FFT’s or one 128 IFFT/FFT is shall be used.

Subcarrier frequency allocation is shown in Figure 154F. In single band (channel) case, left or right half is filled with zeros.  
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Figure 154F – Subcarrier frequency allocation

20.3.6 Clear channel assessment (CCA)

Refer to 17.2.6.

20.3.7 PLCP data modulation and modulation rate change

Refer to 17.2.7.

20.3.8 PMD operating specification (general)

From subcluase 20.3.8.1 to 20.3.8.8 provide general specification of the legacy OFDM and MIMO-OFDM PMD sublayers. These specifications apply to both the receive and transmit functions and general operation of the PHY.

20.3.8.1 Outline description 

The general block diagram of the transmitter for PHY is shown in Figure 154G. Though 128 IFFT’s are used in this figure, two 64 IFFT’s can be used instead of one 128 IFFT. Major specifications for the PHY are listed in Table 124F.
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Figure 154G – Transmitter block diagram for the PHY (using 128 FFT)

Table 124F – Major parameters of the PHY

	Information data rate
	Single band : 6, 9, 12, 18, 24, 36, 48, 54, 72, 96, 108, 128 and 144Mbps 

(128 and 144 Mbps are optional)

Dual band : 12, 18, 24, 36, 48, 72, 96, 108, 144, 192, 216, 256 and 288Mbps 

(256 and 288Mbps are optional)

	Modulation and mode
	BPSK OFDM (legacy)

QPSK OFDM (legacy)

16-QAM OFDM (legacy)

64-QAM OFDM (legacy)

BPSK STBC-OFDM (optional)

QPSK STBC-OFDM (optional)

16-QAM STBC-OFDM (optional)

64-QAM STBC-OFDM (optional)

16-QAM SDM-OFDM

64-QAM SDM-OFDM

256-QAM SDM-OFDM (optional)

Single and dual bands are supported in the above all modulation and mode types. 

	Error correcting code
	K=7 (64 states) convolutional code

	Coding rate
	1/2, 2/3, 3/4

	Number of subcarriers
	52 (single band), 104(dual band)

	OFDM symbol duration
	4.0(s

	Guard interval
	0.8(s (TGI)

	Occupied bandwidth
	16.6MHz (single band)

36.6MHz (dual band)


20.3.8.2 Regulatory requirements

Refer to 17.3.8.2.

20.3.8.3 Operating channel frequencies 

Refer to 17.3.8.3.

Insert the following sentences at the end of the subclause 17.3.8.3.3:
This channelization is based on single channel case. If two consecutive channels are used, the center frequency of each channel is the same as that shown in Table 88. While implementing this, however, carrier frequencies are modified as 
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 are the center frequencies of upper and lower channel, respectively.

20.3.8.4 Transmit and receive in-band and out-of-band spurious emissions

Refer to 17.3.8.4.

20.3.8.5 TX RF delay

Refer to 17.3.8.5.

20.3.8.6 Slot time

Refer to 17.3.8.6.

20.3.8.7 Transmit and receive antenna port impedance

Refer to 17.3.8.7.

20.3.8.8 Transmit and receive operating temperature range

Refer to 17.3.8.8.

20.3.9 PMD transmit specifications

Refer to 17.3.9.

Insert the following sentences at the end of the subclause 17.3.9.1:
Even though more than one antennas are used, the total maximum transmit power of all antennas should be equal.

Insert the following sentences at the end of the subclause 17.3.9.2:
The spectral mask for dual band which illustrated in Figure 154H is the extended version of single channel case.
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Figure 154H – Transmit spectrum mask for dual band (two channel) case

Insert the following sentences at the end of the subclause 17.3.9.6:
The modulation accuracy for MIMO-OFDM is to be determined.

20.3.10 PMD receiver specifications

Refer to 17.3.10.

Minimum sensitivity, adjacent channel rejection, and alternative adjacent channel rejection for MIMO-OFDM rates are to be determined.
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