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[bookmark: _Toc258242239]Overview of HomePlug GREEN PHY
The HomePlug GREEN PHY (GP) physical layer is the same as HomePlug AV physical layer with the exception that all required communications (including the AV Payload encoding) is limited to the three ROBO-AV modes (i.e., MINI-ROBO_AV, STD-ROBO_AV and HS-ROBO_AV). Therefore, carriers are coherently modulated only with Quadrature Phase Shift Keying (QPSK). BPSK, 8-QAM, 16-QAM, 64-QAM, 256-QAM, and 1024-QAM are not required to be supported by GP. Furthermore, only rate ½ Turbo Convolutional Coding is required for GP (i.e., rate 16/21 is not required to be supported by GP).  
Figure 3-1 shows a block diagram representation for the physical layer of the HomePlug GREEN PHY transmitter and receiver as based upon HomePlug AV. Note that references to HomePlug AV are retained in order to emphasize that GREEN PHY is a simplified derivative (or profile) of HomePlug AV . The transceiver block diagram is based on a 75 MHz clock frequency.
On the transmitter side, the PHY layer receives its inputs from the Media Access Control (MAC) layer. Three separate processing chains are shown because of the different encoding for HomePlug 1.0.1 Frame Control (FC) data, HomePlug AV Frame Control data, and HomePlug AV Payload data. AV Frame Control data is processed by the AV Frame Control Encoder, which has a Turbo Convolutional Encoder and Frame Control Diversity Copier while the HomePlug AV payload data stream passes through a Scrambler, a ½ rate Turbo Convolutional Encoder, channel interleaver and ROBO Interleaver. The HomePlug 1.0.1 Frame Control data passes through a separate HomePlug 1.0.1 Frame Control Encoder. The outputs of the three FEC Encoders lead into a common OFDM Modulation structure, consisting of a Mapper, Inverse Fast Fourier Transform (IFFT) processor, Preamble, and Cyclic prefix insertion, and symbol Window and Overlap block, which eventually feeds the Analog Front End (AFE) module that couples the signal to the power line medium.


[bookmark: _Toc314917950]Figure 3‑1: HomePlug AV OFDM Transceiver for GREEN PHY
At the receiver, an AFE operates with an Automatic Gain Controller (AGC) and a time-synchronization module to feed separate Frame Control and Payload data recovery circuits. The Frame Control data is recovered by processing the received sample stream through a 384-point FFT (for HomePlug 1.0.1 delimiters) and a 3072-point FFT (for HomePlug AV), and through separate Frame Control Decoders for the HomePlug AV and HomePlug 1.0.1 Modes. The payload portion of the sampled time domain waveform, which contains only HomePlug AV formatted symbols, is processed through a 3072-point FFT, a Demodulator, ROBO de-interleaver and channel de-interleaver followed by a ½ rate Turbo Convolutional Decoder and a De-scrambler to recover the AV Payload data.
[bookmark: _Ref94987821][bookmark: _Ref94987822][bookmark: _Ref94987823][bookmark: _Toc95450256][bookmark: _Ref100642957][bookmark: _Toc258242240]PPDU Structure and Generation 
[bookmark: _Ref114042437][bookmark: _Toc258242241]PPDU Formats
The term “PHY Protocol Data Unit” (PPDU) refers to the physical entity that is transmitted over the power line. PPDUs are generated by the PHY for transmission on the power line at the PHY interface. 
As with HomePlug AV, the HomePlug GREEN PHY specification supports four PPDU formats as shown in Table 3‑1 and specified in Section 3.2.1.1, that match the corresponding MAC Protocol Data Unit (MPDU) formats defined in Section 4.4. The HPAV FC and HP1.0.1 FC (when present) are used by the MAC for management purposes (see Chapter 4). The HPAV FC, the HP1.0.1 FC (when present) and the PPDU payload (when present) result from the mapping of the corresponding MPDU bits, as described in this chapter
[bookmark: _Ref114413012][bookmark: _Toc140329989][bookmark: _Toc256456716][bookmark: _Toc256460687][bookmark: _Toc256461183][bookmark: _Toc314918086]Table 3‑1: PPDU Formats
	PPDU Format
	Preamble Type
	HP1.0.1 Frame Control (FC)
	HPAV Frame Control (FC)
	Payload

	AV-only Long PPDU
	HPAV
	No
	Yes
	Yes

	Hybrid Long PPDU
	Hybrid
	Yes
	Yes
	Yes

	AV-only Short PPDU
	HPAV
	No
	Yes
	No

	Hybrid Short PPDU
	Hybrid
	Yes
	Yes
	No


The AV Frame Control can be transmitted using either a single OFDM Symbol or two OFDM Symbols (refer to Section 3.2.3.1). When the Tone Mask defined in Section 3.6.7 is used, a single OFDM symbol shall be used to transmit the FC. The ability to transmit and receive the AV Frame Control using two OFDM Symbols is optional. The two symbol AV Frame Control is intended for use in networks where a large number of HomePlug carriers are masked. Such conditions may occur either due to regulatory constraints or due to the use of a Frequency Division Coexistence mechanism (refer to Section 10.5). However, each Tone Mask defined for AV operation must also specify the number of OFDM symbols used in transmitting the FC when the mask is employed. As with HomePlug AV, the mechanism to determine when two Frame Control symbols are to be used in the network is beyond the scope of this HomePlug GREEN PHY specification.
[bookmark: OLE_LINK8][bookmark: OLE_LINK9]The PPDU payload shall be created using one of the following formats:
One or more 520-octet FEC blocks modulated using negotiated Tone Maps (TMs) (not required for GREEN PHY)
One 520-octet FEC block modulated using Standard ROBO Modulation
One, two, or three 520-octet FEC blocks using High-Speed ROBO Modulation 
One 136-octet FEC Block modulated using negotiated TMs (not required for GREEN PHY)
One 136-octet FEC block modulated using Mini-ROBO Modulation
[bookmark: _Toc258242242][bookmark: _Ref95376283][bookmark: _Toc95450262]PPDU Formats for GREEN PHY
A station that only implements GREEN PHY shall follow the requirements described in section 3.2.1 with the following exceptions: 
The PPDU payload shall be created using one of only the following formats:
One 520-octet FEC block modulated using Standard ROBO Modulation
One, two, or three 520-octet FEC blocks using High-Speed ROBO Modulation 
One 136-octet FEC block modulated using Mini-ROBO Modulation
       Negotiated Tone Maps (TMs) are not required for a station that implements only GREEN PHY.
[bookmark: _Toc258242243]PPDU Structure
There are two types of PPDU structures, depending on whether the PHY is operating in HomePlug 1.0.1-compatible Mode or AV-Only Mode. In the following paragraphs, these modes are referred to as Hybrid and AV Mode, respectively. 
As with HomePlug AV, when the GREEN PHY operates in Hybrid Mode, the PPDU structure consists of a HomePlug 1.0.1-compatible Preamble followed by a 1.0.1-compatible FC, AV FC (one or two OFDM Symbols), and optionally a PPDU payload, as shown in Figure 3-2 and Figure 3-3. When the PHY operates in AV Mode, the PPDU structure consists of an AV Preamble, an AV FC (one or two OFDM Symbols), and optionally a PPDU payload, as shown in Figure 3-4 and Figure 3-5. The combination of a Preamble, HomePlug 1.0.1 Frame Control (if any), and HomePlug AV Frame Control is referred to as a “Delimiter” throughout this specification.
For both Hybrid and AV Modes, the first and second payload symbols (D1 and D2) have a fixed guard interval of 567 samples. Starting with the third payload symbol (D3), one of the three generic GIs listed in Figure 3‑6: OFDM Symbol Timing
Table 3‑2 shall be used for the remainder of the PPDU. A receiver shall use the guard interval length associated with the Tone Map used for the PPDU (determined by decoding the AV_FC).


[bookmark: _Toc314917951]Figure 3‑2: Hybrid Mode PPDU Structure – Single Symbol AV FC


[bookmark: _Toc314917952]Figure 3‑3: Hybrid Mode PPDU Structure – Two Symbol AV FC


[bookmark: _Toc314917953]Figure 3‑4: AV Mode PPDU Structure – Single Symbol AV FC


[bookmark: _Toc314917954]Figure 3‑5: AV Mode PPDU Structure - Two Symbol AV FC
The payload symbols consist of a 3072-sample OFDM Symbol that is preceded by a cyclic prefix. The length of the guard interval for payload symbol(s) following the second one (D3 to the end of the PPDU) is fixed for the duration of the PPDU. Different values may be chosen, either on a per-Link basis or for different portions of the AC line cycle for a single Link, to optimize throughput as part of the channel estimation process (refer to Section 5.2.6). The different sizes supported for the guard interval are shown in Figure 3‑6: OFDM Symbol Timing
Table 3‑2.
[bookmark: _Ref114504235][bookmark: _Ref114504240][bookmark: _Toc258242244][bookmark: _Ref100112513]Symbol Timing
The OFDM time domain signal, based on a 75 MHz sampling clock, is determined as follows. For Frame Control and Payload Symbols, a set of data points from the mapping block (refer to Section ‎3.5) is modulated onto the subcarrier waveforms using a 3072-point IFFT, resulting in 3072 time samples (IFFT interval). A fixed number of samples from the end of the IFFT are taken and inserted as a cyclic prefix at the front of the IFFT interval to create an extended OFDM Symbol. 
Figure 3-6 shows the OFDM Symbol timing, with specifics identified in Figure 3‑6: OFDM Symbol Timing
.

 
[bookmark: _Ref297190066][bookmark: _Ref297190101][bookmark: _Toc314917955][bookmark: _Ref94982035][bookmark: _Toc256456717][bookmark: _Toc256460688][bookmark: _Toc256461184]Figure 3‑6: OFDM Symbol Timing
[bookmark: _Toc314918087]Table 3‑2: OFDM Symbol Characteristics
	Symbol
	Description
	Time Samples
	Time(Microseconds)

	T
	IFFT Interval
	3072
	40.96

	tprefix
	Cyclic Prefix Interval
	RI+GI
	4.96+GI

	TE
	Extended Symbol Interval  (T + tprefix)
	T+tprefix
	45.92+GI

	RI
	Rolloff Interval
	372
	4.96

	TS
	Symbol Period
	3072+GI
	40.96+GI

	GIFC
	Frame Control Guard Interval
	1374
	18.32

	GI
	Payload Symbol Guard Interval, generically
	417, 567, 3534
	5.56, 7.56, 47.12

	GISR
	STD-ROBO_AV Payload Symbol(s) Guard Interval
	417
	5.56

	GIHR
	HS-ROBO_AV Payload Symbol(s) Guard Interval
	417
	5.56

	GIMR
	MINI-ROBO_AV Payload Symbol(s) Guard Interval
	567
	7.56

	GI417
	Guard Interval, length = 417 samples
Not required for GREEN PHY
	417
	5.56

	GI567
	Guard Interval, length = 567 samples
Not required for GREEN PHY
	567
	7.56

	GI3534
	Guard Interval, length = 3534 samples
Not required for GREEN PHY
	3534
	47.12


[bookmark: _Toc258242245][bookmark: _Ref114411720][bookmark: _Ref114411753][bookmark: _Ref114411757]Guard Interval Timing for GREEN PHY
As noted in Table 3-2, a station that only implements GREEN PHY shall follow the requirements as described in section 3.2.3 with the following exceptions: Guard Intervals GI417, GI567, and GI3534 (see Table 3-2 “OFDM Symbol Characteristics”) are not required. 
[bookmark: _Toc258242246]Frame Control Forward Error Correction 
[bookmark: _Toc95450257]As with HomePlug AV, the Frame Control field in HomePlug GREEN PHY consists of 128 information bits. These bits are encoded and coherently QPSK modulated over one or two OFDM Symbols. To obtain a high reliability in the demodulation of the control bits, a frequency-diversity mode is implemented. The use of two symbols for Frame Control is optional, as it is intended to increase Frame Control robustness in cases where the available bandwidth is much smaller than that in the mask of Section 3.7.1 (refer to Section 3.2.1). 
[bookmark: _Ref110850557][bookmark: _Toc258242247]Frame Control Bits Flow
Figure 3-7 shows the FEC processing for the 128 Frame Control bits. The Frame Control FEC consists of a Turbo Convolutional Encoder that encodes 128 Frame Control bits into 256 coded bits, a Frame Control Interleaver, and a Diversity Copier that redundantly maps the 256 interleaved bits onto one or two OFDM Symbols.
[image: ]
[bookmark: _Toc314917956][bookmark: _Ref108240939]Figure 3‑7: Frame Control FEC Encoder
[bookmark: _Toc258242248]Turbo Convolutional Code Encoder
The Turbo Convolutional Code (TCC) Encoder is described in Section 0. The encoder is operated in rate ½ mode such that the 128 information bits produce 256 coded bits. 
[bookmark: _Toc258242249]Frame Control Interleaver
The Frame Control Interleaver serves to randomize the TCC Encoder output bits before being copied multiple times and transmitted on the channel. The Interleaver is the 16-octet, rate 1/2 case described in Section 3.4.3.
[bookmark: _Toc258242250]Diversity Copier
The Diversity Copier replicates the 256 interleaved bits for QPSK mapping onto the used (non-masked) carriers. Because the bits have already been interleaved, the Diversity Copier needs only to maximally spread the bit copies. For the single FC symbol case, this is achieved by transmitting the copies of the interleaved bits consecutively (with wrapping), with an address offset of 128 between the in-phase (I) and quadrature (Q) channels. Table 3‑3 defines this ordering, where the variable NumCarriers refers to the total number of non-masked carriers. For the standard 917 carriers and one FC OFDM Symbol, each bit is copied at least 7 times, and some bits are copied eight times.
[bookmark: _Ref71961546][bookmark: _Ref71961480][bookmark: _Toc72229560][bookmark: _Toc72419155][bookmark: _Toc76886443][bookmark: _Toc80528644][bookmark: _Toc82503076][bookmark: _Toc86059956][bookmark: _Toc93340425][bookmark: _Toc140329996][bookmark: _Toc256456718][bookmark: _Toc256460689][bookmark: _Toc256461185][bookmark: _Toc314918088]Table 3‑3: Diversity Copier Bit Ordering– Single Symbol Case
	Used Carrier #
	I-Channel Interleaved Bit Address
	Q-Channel Interleaved Bit Address

	0
	0
	128

	1
	1
	129

	2
	2
	130

	…
	…
	…

	c
	c mod 256
	(c+128) mod 256

	…
	…
	…

	NumCarriers-1
	(NumCarriers-1) mod 256
	((NumCarriers-1)+128) mod 256


When transmitting two FC OFDM Symbols, the I and Q bit addresses for the first symbol are the same as defined by Table 3‑3. The addresses for the I and Q of the second symbol are equal to the first symbol’s addresses plus an additional offset of 64, as in Table 3‑4. In both tables, the variable c represents an index to the cth non-masked carrier and the variable NumCarriers represents the total number of non-masked carriers.
[bookmark: _Ref90190125][bookmark: _Ref109688446][bookmark: _Toc93340426][bookmark: _Toc140329997][bookmark: _Toc256456719][bookmark: _Toc256460690][bookmark: _Toc256461186][bookmark: _Toc314918089]Table 3‑4: Diversity Copier Bit Ordering - Two Symbol Case
	Used Carrier #
	I-Channel Interleaved Bit Address Symbol 1
	Q-Channel Interleaved Bit Address Symbol 1
	I-Channel Interleaved Bit Address Symbol 2
	Q-Channel Interleaved Bit Address Symbol 2

	0
	0
	128
	64
	192

	1
	1
	129
	65
	193

	2
	2
	130
	66
	194

	…
	…
	…
	…
	…

	c
	c mod 256
	(c+128) mod 256
	(c+64) mod 256
	(c+192) mod 256

	…
	…
	…
	…
	…

	NumCarriers-1
	(NumCarriers-1) 
mod 256
	((NumCarriers-1) +128) mod 256
	((NumCarriers-1) +64) 
mod 256
	((NumCarriers-1) +192) mod 256


[bookmark: _Ref110850575][bookmark: _Toc258242251]Payload Forward Error Correction (FEC) Processing 
The Payload Forward Error Correction (Payload FEC) Encoder  shall consist of a Scrambler, a Turbo Convolutional Encoder, and a Channel Interleaver (CI). When ROBO mode is used, the Channel Interleaver is followed by a ROBO Interleaver. The Payload FEC block operates on groups of octets called Physical Blocks (PBs) that are either 520-or 136-octets long (denoted as PB520 and PB136, respectively). Chapter 5 describes the generation of PBs. The Turbo Encoder shall operate in either rate 1/2 or rate 16/21 for PBs in Links that use TMs (refer to Chapter 5 for a definition of TMs). When transmitting a ROBO-AV PB, only ½ FEC rate shall be used. The following subsections describe each block of the Payload FEC Block diagram in Figure 3-8.
[image: hpgpfec110409]
[bookmark: _Toc314917957][bookmark: _Toc95450258][bookmark: _Ref108239257]Figure 3‑8: Payload FEC Encoder Block Diagram
[bookmark: _Toc258242252]Scrambler
The data scrambler block helps give the data a random distribution. The data stream shall be “XOR-ed” with a repeating Pseudo Noise (PN) sequence using the following generator polynomial (see Figure 3-9):
[image: ]
The bits in the scrambler shall be initialized to all ones at the start of processing each MPDU.
[image: ]
[bookmark: _Toc314917958][bookmark: _Toc95450259][bookmark: _Ref98784022][bookmark: _Ref108240016][bookmark: _Ref110953418]Figure 3‑9: Data Scrambler
[bookmark: _Toc258242253]Turbo Convolutional Encoder
Data from the scrambler shall be encoded by a Turbo Convolutional Encoder (see Figure 3-10). Two rate 2/3 Recursive Systematic Convolutional (RSC) constituent codes and one Turbo Interleaver are used. Both Encoder 1 and Encoder 2 have 8-states. The Turbo code FEC block supports sizes of 520, 136, and 16 octets (referred to as PB520, PB136, and PB16, respectively). After puncturing, the code rate is either ½ or 16/21.


[bookmark: _Toc314917959]Figure 3‑10: Turbo Encoder Block Diagram
[bookmark: _Toc258242254]Turbo Convolutional Encoder for GREEN PHY
A station implementing only GREEN PHY shall follow the requirements described in section 3.4.2 with the exceptions of: 
i) passing outputs p and q to the puncture circuit (since puncturing is not supported. This is illustrated in Figure 3-10b)
ii) code rate 16/21 (only code rate ½ is required for GREEN PHY)

[image: FIG 3-11 Turbo Encoder Block Diagram]
Figure 3‑10b: Turbo Encoder Block Diagram (GREEN PHY)

[bookmark: _Toc258242255]Constituent Encoders
Figure 3-11 shows the 8-state encoder used for Encoder 1 and Encoder 2.
The first bit of the PB is mapped to u1, the second to u2, and so on. Only output x0 is passed to the puncture circuit.


[bookmark: _Toc314917960]Figure 3‑11: 8-State Constituent Encoder
Constituent Encoders for GREEN PHY
[bookmark: _Ref95376337]A station implementing only GREEN PHY shall follow the requirements described in section 3.4.2.2 with the exception of passing output x0  to the puncture circuit (since puncturing is not supported, as illustrated in Figure 3-10b).
[bookmark: _Toc258242256]Termination
Tail-bitten termination is used in each constituent encoder. Two passes of each encoder are required. First the encoder is initialized to the all-zeros state S0 = [s1 s2 s3]= [0 0 0], and then the entire FEC block is passed through the encoder (the outputs are unused). The final state SN is used to determine the starting state for the second pass (i.e., S′0 = F[SN], where the prime (′) indicates states of the second pass). The function f[.] is chosen so the final state S′N will equal the initial state S′0 at the conclusion of the second pass. The entire FEC block is passed through the encoder a second time, this time outputting to the puncture circuit (note that the puncture circuit is not required for a station that only implements GREEN PHY). 

	Informative Text
The initial state of the second-pass S′0, can be obtained from the final state of the first-pass SN through the following equation:



where the state S is a 1x3 row vector with components as in the diagram of Figure 3.11, and the matrix M equals:



for the case of PB520 and PB16, and equals:



for the case of PB136.


[bookmark: _Toc258242257]Puncturing
The u1, u2 systematic bits are never punctured. They are written to the data output buffer in natural order.
The p and q parity bits from Encoder 1 and Encoder 2, respectively, are punctured and written to the parity output buffer in natural order.
Table 3‑5 shows the puncture pattern for rate ½ (i.e., no puncturing).
[bookmark: _Ref94978056][bookmark: _Toc140330002][bookmark: _Toc256456720][bookmark: _Toc256460691][bookmark: _Toc256461187][bookmark: _Toc314918090]Table 3‑5: Rate ½ Puncture Pattern
	p
	1111111111111111

	q
	1111111111111111


Table 3‑6 shows the puncture pattern for rate 16/21.
[bookmark: _Ref94978058][bookmark: _Toc140330003][bookmark: _Toc256456721][bookmark: _Toc256460692][bookmark: _Toc256461188][bookmark: _Toc314918091]Table 3‑6: Rate 16/21 Puncture Pattern
	p
	1001001001001000

	q
	1001001001001000


Puncturing for GREEN PHY
A station that only implements GREEN PHY is not required to support puncturing. 
[bookmark: _Toc258242258]Turbo Interleaving
A Turbo Interleaver is required to interleave the original sequence for the second constituent code, as shown in Figure 3-10. The Turbo Interleaver interleaves the PB in dibits, not bits, thus keeping the original bit pairs together. As a result, the Interleaver length (that is, the length of the Interleaver input and output sequences) equals the FEC dibit block size. The Turbo Interleaver output may be generated algorithmically, although a seed table is required for each FEC block size supported. 
Table 3‑7 lists the parameters used for each FEC block size, with the corresponding seed tables provided in Table 3‑8, Table 3‑9, and Table 3‑10. It is the seed table S, the corresponding seed table length N, and the interleaver length L that specify each interleaver mapping I( ).
[bookmark: _Ref79986638][bookmark: _Toc82503080][bookmark: _Toc86059960][bookmark: _Toc93340429][bookmark: _Toc140330004][bookmark: _Toc256456722][bookmark: _Toc256460693][bookmark: _Toc256461189][bookmark: _Toc314918092]Table 3‑7: Interleaver Parameters
	PB Size (Octets)
	N Value
	M Value
	Interleaver Length L

	16
	8
	8
	64

	136
	34
	16
	544

	520
	40
	52
	2080



The Turbo Interleaver mapping is defined through the following interleaver equation:

I(x) = [S(x mod N) – (x div N)*N + L] mod L for x = 0, 1, …, (L-1) 
where div is an integer division operation and mod is the modulo operation.
The interleaver mapping I(x) is then used to interleave the bits as shown below. 
Note: When the output index x is even, the corresponding interleaved information bit pairs (bit 0 and bit 1 of the pair) are swapped.


where Data and IntData refer to the pre- and post-interleaver bit sequences respectively. 
[bookmark: _Ref94978406][bookmark: _Toc140330005][bookmark: _Toc256456723][bookmark: _Toc256460694][bookmark: _Toc256461190][bookmark: _Toc314918093]Table 3‑8: Interleaver Seed Table for FEC Block Size of 16 Octets
	x
	0
	1
	2
	3
	4
	5
	6
	7

	S(x)
	54
	23
	61
	12
	35
	2
	40
	25


[bookmark: _Ref94978423][bookmark: _Toc140330006][bookmark: _Toc256456724][bookmark: _Toc256460695][bookmark: _Toc256461191][bookmark: _Toc314918094]Table 3‑9: Interleaver Seed Table for FEC Block Size of 136 Octets
	x
	0
	1
	2
	3
	4
	5
	6
	7

	S(x)
	369
	235
	338
	436
	169
	200
	397
	59

	x
	8
	9
	10
	11
	12
	13
	14
	15

	S(x)
	298
	20
	265
	429
	294
	466
	16
	48

	x
	16
	17
	18
	19
	20
	21
	22
	23

	S(x)
	525
	461
	187
	86
	216
	387
	41
	142

	x
	24
	25
	26
	27
	28
	29
	30
	31

	S(x)
	247
	314
	79
	486
	512
	103
	476
	345

	x
	32
	33
	
	
	
	
	
	

	S(x)
	4
	105
	
	
	
	
	
	


[bookmark: _Ref94978437][bookmark: _Ref110420765][bookmark: _Toc140330007][bookmark: _Toc256456725][bookmark: _Toc256460696][bookmark: _Toc256461192][bookmark: _Toc314918095]Table 3‑10: Interleaver Seed Table for FEC Block Size of 520 Octets
	x
	0
	1
	2
	3
	4
	5
	6
	7

	S(x)
	1558
	1239
	315
	1114
	437
	956
	871
	790

	x
	8
	9
	10
	11
	12
	13
	14
	15

	S(x)
	833
	1152
	147
	506
	589
	388
	1584
	265

	x
	16
	17
	18
	19
	20
	21
	22
	23

	S(x)
	981
	220
	1183
	102
	1258
	1019
	1296
	737

	x
	24
	25
	26
	27
	28
	29
	30
	31

	S(x)
	694
	1495
	612
	453
	1049
	1450
	531
	47

	x
	32
	33
	34
	35
	36
	37
	38
	39

	S(x)
	1368
	645
	166
	322
	1323
	1404
	0
	881


[bookmark: _Ref95450715][bookmark: _Toc258242259]Channel Interleaver
The natural bit order at the encoder output starts with all the data bits in the same order as at the input to the encoder, followed by all the parity bits in the same order as generated by the encoder. The two parity bits generated by the encoder (p and q from Figure 3-10) are interlaced, with the p bit coming first. An entire turbo code PB is interleaved by the Channel Interleaver prior to mapping.

	Informative Text
The interleaver and de-interleaver buffers are organized as Rx4 matrices (R varies depending on block size) to facilitate parallel turbo decoding by as many as four decoder engines. The following scheme allows simultaneous reads from the four sub-banks of the de-interleaver buffer to the input buffers of the turbo decoders.


In the following example, k represents the number of information bits and (n-k) represents the number of parity bits. The information bits are divided into four equal sub-blocks of k/4 bits, and the parity bits are divided into four equal sub-blocks of (n-k)/4 bits. For both PB520 and PB136, for both code rates (1/2 and 16/21), and for the FC case, the number of both information bits and parity bits is divisible by 4. In the encoder, the output buffer is split into four information sub-banks of k/4 bits and four parity sub-banks of (n-k)/4 bits. The encoder writes the first k/4 information bits (in natural order) to the first information sub-bank, the next k/4 bits to the second information sub-bank, and so on. Then it writes the first (n-k)/4 parity bits (in natural order) to the first parity sub-bank, the next (n-k)/4 bits to the second parity sub-bank, and so on.
Each of the information sub-blocks is interleaved in an identical manner by the nature in which the bits are read out of the sub-banks. The four information sub-banks of length k/4 may be thought of as one matrix consisting of k/4 rows and four columns, with column 0 representing the first sub-bank, column 1 representing the second sub-bank, and so on. Groups of four bits on the same row (one bit from each sub-block) are read out from the matrix at a time, starting with row 0. After a row has been read out, the row pointer is incremented by StepSize before performing the next row read (0, StepSize, 2* StepSize, …, [k/4]- StepSize). After (k/4)/ StepSize row reads, the end of the matrix has been reached. The row pointer is then initialized to 1 (rather than starting at 0 the previous time) and the process is repeated – reading rows, incrementing the row pointer by StepSize, and incrementing the starting row by 1 after (k/4)/StepSize row reads. For example the second pass will read rows (1, 1+StepSize, 1+2*StepSize , …, [k/4]-StepSize+1) and the third pass will read rows (2, 2+StepSize, 2+2*StepSize , …, [k/4]-StepSize+2). As a result, StepSize passes of (k/4)/StepSize row reads are required to read all bits from the matrix.
The parity bits for rate ½ are interleaved in a similar manner to the information sub-blocks. However instead of reading out of the ([n-k]/4)x4 parity matrix starting with row 0, the parity reads begin at a predetermined offset and wrap around when the end of the matrix is reached until arriving back at the starting row. Let t represent the sub-bank length for the parity subbanks, t = [n-k]/4. The first rows that are read are (offset, (offset+ StepSize) mod t, …, [(offset+t-StepSize) mod t] ). Then the starting row pointer is incremented by 1 and the process is repeated StepSize-1 more times for a total of StepSize passes of ((n-k)/4)/StepSize row reads, thus reading rows (offset+1, (offset+1+StepSize) mod t, … , [(offset+1+t-StepSize) mod t]) during the second pass, for example. 
The parity bits for rate 16/21 are interleaved in a similar manner to the rate ½ parity. The reading out of the parity matrix starts with an offset and wraps, as for rate ½ parity, except the row pointer is not re-initialized for each of the successive StepSize-1 passes. Again, let t represent the sub-bank length for the parity subbanks, where t = [n-k]/4. After each row read, StepSize is added to the row pointer and a modulo-t is performed (offset, [offset+StepSize] mod t, [offset+2*StepSize] mod t, …). This process continues without row pointer re-initialization until all n-k parity bits have been read. 
Table 3‑11 lists the parity offsets used for each PB size and code rate combination.
[bookmark: _Ref94979298][bookmark: _Toc140330008][bookmark: _Toc256456726][bookmark: _Toc256460697][bookmark: _Toc256461193][bookmark: _Toc314918096]Table 3‑11: Channel Interleaver Parameters
	PB Size
	Code Rate
	Offset (Parity)
	StepSize

	16 octets
	1/2
	16
	4

	520 octets
	1/2
	520
	16

	136 octets
	1/2
	136
	16

	520 octets
Not required for GREEN PHY
	16/21
Not required for GREEN PHY
	170
Not required for GREEN PHY
	16
Not required for GREEN PHY

	136 octets
Not required for GREEN PHY
	16/21
Not required for GREEN PHY
	40
Not required for GREEN PHY
	8
Not required for GREEN PHY


Interleaved bits are read from each of the sub-banks in turn.
For rate 1/2, the first four bits to be transmitted on the channel are information bits, the next four bits are parity bits, and so on. 
For rate 16/21, the first three 4-bit outputs are information bits, followed by four parity bits out. This is repeated for a total of 5 times (resulting in 20 x 4-bit outputs) before an extra information 4-bit read is output. This pattern repeats until all bits are transmitted.
In addition to the above process, sub-bank switching is performed to further interleave the bit-stream. The switching re-orders the 4-bit outputs, regardless of whether the nibble contains information or parity bits. Table 3‑12 shows the switching, where b0, b1, b2, and b3 represent bit outputs from information or parity sub-bank 0, 1, 2, and 3 respectively. The leftmost bit in Table 3‑12 is transmitted first (i.e., it has the smallest time index). The switched bit order changes after every two nibbles read, independent of whether the nibbles contained information, parity, or both.
[bookmark: _Ref94979831][bookmark: _Toc140330009][bookmark: _Toc256456727][bookmark: _Toc256460698][bookmark: _Toc256461194][bookmark: _Toc314918097]Table 3‑12: Sub-bank Switching
	Output Nibble Number
	Switched Bit Order

	1 or 2
	b0 b1 b2 b3

	3 or 4
	b1 b2 b3 b0

	5 or 6
	b2 b3 b0 b1

	7 or 8
	b3 b0 b1 b2

	9 or 10
	b0 b1 b2 b3


[bookmark: _Toc258242260][bookmark: _Ref94986661][bookmark: _Ref110418311][bookmark: _Ref110418312][bookmark: _Ref110418313]Channel Interleaver for GREEN PHY
A station that only implements GREEN PHY shall follow the requirements described in section 3.4.3 with the exception that code rate 16/21 (and associated Offset (Parity)) is not supported (as noted in Table 3-11 “Channel Interleaver Parameters”).
[bookmark: _Toc258242261]ROBO Modes
As with HomePlug AV, HomePlug Green PHY employs three robust modes of communication, called ROBO Modes, for several purposes, including:
Beacon and data broadcast and multicast communication
Session setup
Exchange of Management Messages
All ROBO Modes use QPSK modulation, along with a ½ rate Turbo Convolutional Code as described above. The ROBO Interleavers that follow the Channel Interleaver specified above introduce further redundancy by a factor that depends on the type of ROBO Mode (i.e., each FEC-coded bit is represented with multiple bits at the output of the ROBO Interleaver).
The ROBO Interleavers create redundancy by using the output of the CI of Section ‎3.4.3, and reading the output bits multiple times. Each readout may occur at a given cyclic shift. To ensure adequate frequency separation between the multiple copies of each bit, portions of the initial interleaved output are inserted between successive readouts of the Channel Interleaver output. The receiver may take advantage of the extra repetitions. 
Table 3‑13 shows the detailed interleaving scheme.
[bookmark: _Ref94980224][bookmark: _Ref102475219][bookmark: _Ref103863696][bookmark: _Toc140330010][bookmark: _Toc256456728][bookmark: _Toc256460699][bookmark: _Toc256461195][bookmark: _Toc314918098]Table 3‑13: ROBO Mode Parameters
	ROBO Mode
	Number of Copies (Ncopies)
	PHY Rate
(Default Tone Mask)
	PB Block

	STD-ROBO_AV
	4
	4.9226 Mbps
	PB520

	HS-ROBO_AV
	2
	9.8452 Mbps
	PB520

	MINI-ROBO_AV
	5
	3.7716 Mbps
	PB136


The Standard ROBO Mode (STD-ROBO_AV) is the one normally used with PB520 PBs. The transmitter may use High-Speed ROBO Mode (HS-ROBO_AV) if it determines that reliable communication can be achieved with fewer number of copies and the higher rate achieved (twice as high as the one with STD-ROBO_AV) is desirable for efficient system operation. For example HS-ROBO_AV may be well suited for the multicast of media content to multiple stations in a network with very good channel characteristics between the transmitting station and the receiving stations. The Mini-ROBO Mode (MINI-ROBO_AV) is used with PB136. It has the highest number of copies, and it is used when a small payload needs high degree of reliability. The Beacon MPDU Payload is encoded using the MINI-ROBO_AV. 
Note: The number of repetitions and PB size carried in each ROBO Mode is fixed. As a result the number of symbols needed to transmit a PPDU carrying a single PB as payload depends on the number of carriers in the active Tone Mask. If the number of carriers is below a certain number, the FL_AV parameter of a PPDU carrying a single PB520 in STD-ROBO_AV will exceed the MaxFL_AV that the transmitter and receiver are capable of supporting (refer to Section 4.4.1.5.2.13.1). The STD-ROBO_AV Mode shall not be used in such cases, and the other ROBO Modes shall be used instead.

	Informative Text

The PHY Rates (Default Tone Mask) shown in Table 3-13 are approximations and are calculated as:

STD-ROBO_AV mode (916 carriers, QPSK modulation, TCC rate ½, 4 copies, GI 5.56 us):
916*2/2/4/(40.96e-6+5.56e-6) = 4.9226 Mbps

HS-ROBO_AV mode (916 carriers, QPK modulation, TCC rate ½, 2 copies, GI 5.56 us):
916*2/2/2/(40.96e-6+5.56e-6) = 9.8452 Mbps

MINI-ROBO_AV mode (915 carriers, QPSK modulation, TCC rate ½, 5 copies, GI 7.56 us):
915*2/2/5/(40.96e-6+7.56e-6) = 3.7716 Mbps



[bookmark: _Toc95450260][bookmark: _Toc258242262]ROBO Interleaver
The definition of the ROBO Interleaver requires that the number of used carriers be a multiple of the number of ROBO copies. Thus, in step 5 of the following procedure, a special Tone Map is defined for ROBO that ensures a feasible number of carriers are modulated. 




If [image: ]denotes the sequence of bits at the output of the Channel Interleaver, the bit sequence at the output of the ROBO Interleaver [image: ]is determined as follows. The notation [image: ] means  is the largest integer less than or equal to , and[image: ] means  is the smallest integer greater than or equal to . 
1. Define the following:

 number of bits per PHY Block (information and parity) at the output of the 
Channel Interleaver

	number of carriers turned on (in Tonemask)

	number of redundant copies of the data (see Table 3‑13)

	number of bits per carrier (2 for QPSK)
2. Determine the number of bits to pad:

	





	
	
	
	
	

       	

	
 
3. 
Determine the cyclic shift:


	
	
	

  
		


4. 
Assign output of the ROBO Interleaver:



5. Set ROBO Tonemap


Set Tonemap to indicate that the first  carriers are used with QPSK modulation, and that any remaining carriers () are encoded with BPSK using the Pseudo Noise generator defined in Section 3.5.

[bookmark: _Ref95376534][bookmark: _Ref95376566][bookmark: _Ref95376982][bookmark: _Toc95450263][bookmark: _Toc258242263]Mapping
The mapping function shall distinguish between Frame Control information, which is mapped into coherent QPSK only, and regular data, which generally is mapped into coherent Quadrature Amplitude Modulation (BPSK, QPSK, 8-QAM, 16-QAM, 64-QAM, 256-QAM, or 1024-QAM). Table 3‑14 shows the modulation and bits per carrier for Frame Control and payload information. Except for ROBO-AV Mode, in which all unmasked carriers use QPSK modulation, a mixture of the modulations (also known as “bit-loading”) may be used for different carriers in the mask when creating the OFDM payload symbol(s).
[bookmark: _Ref94983277][bookmark: _Ref100115728][bookmark: _Toc140330011][bookmark: _Toc256456729][bookmark: _Toc256460700][bookmark: _Toc256461196][bookmark: _Toc314918099]Table 3‑14: Modulation Characteristics
	Information Type
	Bits per Carrier
	Modulation Type
	GREEN PHY requirement

	Frame Control
	2
	Coherent QPSK
	YES

	ROBO_AV (STD-ROBO_AV, HS-ROBO_AV, 
MINI-ROBO_AV)
	2
	Coherent QPSK
	YES

	Data
	1
	Coherent BPSK
	NO

	
	2
	Coherent QPSK
	NO

	
	3
	Coherent 8-QAM
	NO

	
	4
	Coherent 16-QAM
	NO

	
	6
	Coherent 64-QAM
	NO

	
	8
	Coherent 256-QAM
	NO

	
	10
	Coherent 1024-QAM
	NO


The mapping block shall also be responsible for assuring that the transmitted signal conforms to the given Tone Map and Tone Mask. 
Tone Masks are defined system wide (for all transmitters) and specify which carriers are used by the system (refer to Section ‎3.6.7). Tone Masks are obeyed by the transmitter during the Priority Resolution Symbols, Preamble, Frame Control Symbols, and all types of data modulation. On the other hand, the Tone Map contains a list of Modulation Types for all unmasked carriers (or tones) that are to be used on a particular unicast communication Link between two stations. For example, carriers that are experiencing fades may be avoided, and no information may be transmitted on those carriers. The Tone Map is obeyed by the data modulation modes and ignored when transmitting Frame Control, ROBO_AV, Preamble, and Priority Resolution Symbols. Figure 3‑12: PN Generator
Table 3‑15 shows the signaling types that obey or ignore the Tone Map/Tone Mask. Figure 3‑12: PN Generator
Table 3‑15 also shows the impact of the Amplitude Map (refer to Section 11.5.12) on the various signaling types.
[bookmark: _Ref107629500][bookmark: _Toc258242264]Empty Tone Filling
When the Tone Map indicates that a particular carrier shall not be used for information transmission, the mapping function shall use coherent BPSK, modulated with a binary value from the PN sequence defined below. The PN sequence shall be generated using the following generator polynomial (see Figure 3-12):
[image: ]
The bits in the PN sequence generator shall all be initialized to all ones at the start of the first OFDM payload symbol of each PPDU. When a carrier is encountered that is non-masked and not used for information, the existing value in the X1 register shall be used for coherent BPSK modulation and the sequence shall be advanced. The sequence shall be advanced only when used as described above.
[bookmark: _Ref100469681][bookmark: _Toc258242265]Last Symbol Padding
In general, the bits out of the CI to be mapped on to OFDM Symbols will not exactly fill all carriers of the last symbol in the PPDU. The PN sequence above shall also be used (without re-initialization) to fill the last PPDU OFDM Symbol. For a bit-loaded PPDU, a variable number of bits will be used from the X1 to X10 registers, beginning with X1, depending on how many bits are required to produce a constellation symbol for each carrier’s modulation type. Similar to the case of the empty tone filling, the sequence is only advanced after each time it is used (i.e., once per carrier, when that carrier did not have enough remaining CI bits to entirely fill one constellation symbol).

	Informative Text
For example, if there are only two bits left at the output of the CI and the next carrier to be modulated is using QAM-256, the bits in registers X1 through X6 will be appended to the two remaining CI bits (with the X1 bit first in time after the last CI bit) so the Mapper has the required 8 bits (X6, X5, X4, X3, X2, X1, CIend, CIend-1) to produce a QAM-256 constellation symbol. The sequence will then be advanced. As all CI bits have now been used, the bits for the remaining carriers in the last OFDM Symbol will be read from the X1 to X10 registers to produce constellation symbols for their respective modulation types, advancing the sequence only once per carrier after reading the PN bits.
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[bookmark: _Toc314918100]Table 3‑15: Tone Mask Amplitude Map and Tone Map
	Symbols
	Tone Mask
	Amplitude Map
	Tone Map

	PPDU payload: BPSK, QPSK, 8-QAM, 16-QAM, 64-QAM, 256-QAM, 1024-QAM
	Comply
	Comply
	Comply

	Frame Control, ROBO-AV, Preamble, Priority Resolution Symbol
	Comply
	Comply
	Ignore (HPGP)
Comply (HPAV)



	Informative Text
Typical usage of the Tone Mask is to disable the use of certain carriers to avoid interference from or to other applications, such as amateur radio bands. The Tone Mask may be preconfigured in certain geographical regions based on regulatory constraints. Stations must use the same Tone Mask to coexist and interoperate.
The Amplitude Map may be used to decrease the transmit amplitude of each unmasked carrier, if desired, to meet constraints such as radiation limits for BPL access usage on external transmission wires. In this way, the same Tone Mask, but different Amplitude Maps, can be used on the external wiring (BPL Access) and in the internal building wiring (PLC LAN), while still supporting interoperability. The Amplitude Map may be preconfigured for a particular application or may be configured by an authorized STA. The Amplitude Map affects only the transmit amplitude, not the encoding type used on a particular carrier
The Tone Map contains a list of carriers (or tones) as well as the associated encoding to be used on a particular unicast communication Link between two stations.


[bookmark: _Ref94986705][bookmark: _Ref108238284][bookmark: _Toc258242266]Mapping Reference

The phase reference  is used as the initial phase of the FC and payload symbol(s) (refer to Section 3.6). Table 3‑16 defines the phase angle numbers for each of the 1155 carriers. The actual phase, , for each carrier is defined as the carrier’s phase angle number multiplied by .
	[bookmark: _Ref102464762][bookmark: _Toc140330013][bookmark: _Toc256456731][bookmark: _Toc256460702][bookmark: _Toc256461198][bookmark: _Toc314918101]Table 3‑16: Mapping Reference Phase Angle Numbers

	3072-IFFT Carrier #
	Phase Angle #
	3072-IFFT Carrier #
	Phase Angle #
	3072-IFFT Carrier #
	Phase Angle #
	3072-IFFT Carrier #
	Phase Angle #
	3072-IFFT Carrier #
	Phase Angle #
	3072-IFFT Carrier #
	Phase Angle #
	3072-IFFT Carrier #
	Phase Angle #

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	74
	0
	239
	1
	404
	5
	569
	5
	734
	1
	899
	0
	1064
	2

	75
	7
	240
	7
	405
	3
	570
	2
	735
	4
	900
	2
	1065
	3

	76
	7
	241
	6
	406
	1
	571
	6
	736
	7
	901
	4
	1066
	4

	77
	7
	242
	5
	407
	6
	572
	3
	737
	3
	902
	6
	1067
	5

	78
	7
	243
	4
	408
	4
	573
	7
	738
	6
	903
	1
	1068
	6

	79
	7
	244
	3
	409
	2
	574
	4
	739
	2
	904
	3
	1069
	7

	80
	7
	245
	2
	410
	7
	575
	0
	740
	5
	905
	5
	1070
	0

	81
	7
	246
	0
	411
	5
	576
	5
	741
	0
	906
	7
	1071
	2

	82
	7
	247
	7
	412
	3
	577
	2
	742
	4
	907
	2
	1072
	3

	83
	7
	248
	6
	413
	0
	578
	6
	743
	7
	908
	4
	1073
	4

	84
	7
	249
	5
	414
	6
	579
	3
	744
	3
	909
	6
	1074
	5

	85
	7
	250
	4
	415
	4
	580
	7
	745
	6
	910
	0
	1075
	6

	86
	7
	251
	2
	416
	1
	581
	4
	746
	1
	911
	2
	1076
	7

	87
	7
	252
	1
	417
	7
	582
	0
	747
	5
	912
	5
	1077
	0

	88
	7
	253
	0
	418
	4
	583
	4
	748
	0
	913
	7
	1078
	1

	89
	7
	254
	7
	419
	2
	584
	1
	749
	3
	914
	1
	1079
	2

	90
	7
	255
	5
	420
	0
	585
	5
	750
	7
	915
	3
	1080
	3

	91
	6
	256
	4
	421
	5
	586
	2
	751
	2
	916
	5
	1081
	4

	92
	6
	257
	3
	422
	3
	587
	6
	752
	5
	917
	7
	1082
	5

	93
	6
	258
	2
	423
	0
	588
	3
	753
	0
	918
	2
	1083
	6

	94
	6
	259
	0
	424
	6
	589
	7
	754
	4
	919
	4
	1084
	7

	95
	6
	260
	7
	425
	4
	590
	4
	755
	7
	920
	6
	1085
	0

	96
	6
	261
	6
	426
	1
	591
	0
	756
	2
	921
	0
	1086
	1

	97
	6
	262
	4
	427
	7
	592
	4
	757
	6
	922
	2
	1087
	2

	98
	5
	263
	3
	428
	4
	593
	1
	758
	1
	923
	4
	1088
	3

	99
	5
	264
	2
	429
	2
	594
	5
	759
	4
	924
	6
	1089
	4

	100
	5
	265
	0
	430
	7
	595
	2
	760
	7
	925
	0
	1090
	5

	101
	5
	266
	7
	431
	5
	596
	6
	761
	3
	926
	3
	1091
	6

	102
	5
	267
	6
	432
	2
	597
	2
	762
	6
	927
	5
	1092
	7

	103
	4
	268
	4
	433
	0
	598
	7
	763
	1
	928
	7
	1093
	0

	104
	4
	269
	3
	434
	5
	599
	3
	764
	4
	929
	1
	1094
	1

	105
	4
	270
	2
	435
	3
	600
	7
	765
	7
	930
	3
	1095
	2

	106
	4
	271
	0
	436
	0
	601
	4
	766
	3
	931
	5
	1096
	3

	107
	4
	272
	7
	437
	6
	602
	0
	767
	6
	932
	7
	1097
	4

	108
	3
	273
	6
	438
	3
	603
	5
	768
	1
	933
	1
	1098
	5

	109
	3
	274
	4
	439
	1
	604
	1
	769
	4
	934
	3
	1099
	5

	110
	3
	275
	3
	440
	6
	605
	5
	770
	7
	935
	5
	1100
	6

	111
	3
	276
	1
	441
	4
	606
	1
	771
	3
	936
	7
	1101
	7

	112
	2
	277
	0
	442
	1
	607
	6
	772
	6
	937
	1
	1102
	0

	113
	2
	278
	7
	443
	7
	608
	2
	773
	1
	938
	3
	1103
	1

	114
	2
	279
	5
	444
	4
	609
	6
	774
	4
	939
	5
	1104
	2

	115
	2
	280
	4
	445
	2
	610
	3
	775
	7
	940
	7
	1105
	3

	116
	1
	281
	2
	446
	7
	611
	7
	776
	2
	941
	1
	1106
	4

	117
	1
	282
	1
	447
	4
	612
	3
	777
	6
	942
	3
	1107
	4

	118
	1
	283
	0
	448
	2
	613
	0
	778
	1
	943
	5
	1108
	5

	119
	0
	284
	6
	449
	7
	614
	4
	779
	4
	944
	7
	1109
	6

	120
	0
	285
	5
	450
	5
	615
	0
	780
	7
	945
	1
	1110
	7

	121
	0
	286
	3
	451
	2
	616
	4
	781
	2
	946
	3
	1111
	0

	122
	7
	287
	2
	452
	7
	617
	0
	782
	5
	947
	5
	1112
	0

	123
	7
	288
	0
	453
	5
	618
	5
	783
	0
	948
	7
	1113
	1

	124
	7
	289
	7
	454
	2
	619
	1
	784
	3
	949
	1
	1114
	2

	125
	6
	290
	5
	455
	7
	620
	5
	785
	6
	950
	3
	1115
	3

	126
	6
	291
	4
	456
	5
	621
	1
	786
	1
	951
	5
	1116
	4

	127
	6
	292
	2
	457
	2
	622
	6
	787
	4
	952
	7
	1117
	4

	128
	5
	293
	1
	458
	0
	623
	2
	788
	0
	953
	1
	1118
	5

	129
	5
	294
	7
	459
	5
	624
	6
	789
	3
	954
	3
	1119
	6

	130
	4
	295
	6
	460
	2
	625
	2
	790
	6
	955
	4
	1120
	7

	131
	4
	296
	4
	461
	7
	626
	6
	791
	1
	956
	6
	1121
	7

	132
	4
	297
	3
	462
	5
	627
	3
	792
	4
	957
	0
	1122
	0

	133
	3
	298
	1
	463
	2
	628
	7
	793
	7
	958
	2
	1123
	1

	134
	3
	299
	7
	464
	7
	629
	3
	794
	2
	959
	4
	1124
	2

	135
	2
	300
	6
	465
	5
	630
	7
	795
	5
	960
	6
	1125
	2

	136
	2
	301
	4
	466
	2
	631
	3
	796
	0
	961
	0
	1126
	3

	137
	2
	302
	3
	467
	7
	632
	7
	797
	3
	962
	2
	1127
	4

	138
	1
	303
	1
	468
	5
	633
	3
	798
	6
	963
	3
	1128
	5

	139
	1
	304
	0
	469
	2
	634
	0
	799
	1
	964
	5
	1129
	5

	140
	0
	305
	6
	470
	7
	635
	4
	800
	4
	965
	7
	1130
	6

	141
	0
	306
	4
	471
	4
	636
	0
	801
	7
	966
	1
	1131
	7

	142
	7
	307
	3
	472
	2
	637
	4
	802
	2
	967
	3
	1132
	7

	143
	7
	308
	1
	473
	7
	638
	0
	803
	4
	968
	4
	1133
	0

	144
	6
	309
	7
	474
	4
	639
	4
	804
	7
	969
	6
	1134
	1

	145
	6
	310
	6
	475
	1
	640
	0
	805
	2
	970
	0
	1135
	1

	146
	5
	311
	4
	476
	6
	641
	4
	806
	5
	971
	2
	1136
	2

	147
	5
	312
	3
	477
	4
	642
	0
	807
	0
	972
	4
	1137
	3

	148
	4
	313
	1
	478
	1
	643
	4
	808
	3
	973
	5
	1138
	3

	149
	4
	314
	7
	479
	6
	644
	0
	809
	6
	974
	7
	1139
	4

	150
	3
	315
	6
	480
	3
	645
	4
	810
	1
	975
	1
	1140
	4

	151
	3
	316
	4
	481
	0
	646
	0
	811
	4
	976
	3
	1141
	5

	152
	2
	317
	2
	482
	6
	647
	4
	812
	7
	977
	4
	1142
	6

	153
	2
	318
	0
	483
	3
	648
	0
	813
	2
	978
	6
	1143
	6

	154
	1
	319
	7
	484
	0
	649
	4
	814
	4
	979
	0
	1144
	7

	155
	0
	320
	5
	485
	5
	650
	0
	815
	7
	980
	2
	1145
	7

	156
	0
	321
	3
	486
	2
	651
	5
	816
	2
	981
	3
	1146
	0

	157
	7
	322
	2
	487
	7
	652
	0
	817
	5
	982
	5
	1147
	0

	158
	7
	323
	0
	488
	4
	653
	4
	818
	0
	983
	7
	1148
	1

	159
	6
	324
	6
	489
	2
	654
	0
	819
	3
	984
	0
	1149
	2

	160
	6
	325
	4
	490
	7
	655
	4
	820
	6
	985
	2
	1150
	2

	161
	5
	326
	3
	491
	4
	656
	0
	821
	0
	986
	4
	1151
	3

	162
	4
	327
	1
	492
	1
	657
	4
	822
	3
	987
	6
	1152
	3

	163
	4
	328
	7
	493
	6
	658
	0
	823
	6
	988
	7
	1153
	4

	164
	3
	329
	5
	494
	3
	659
	4
	824
	1
	989
	1
	1154
	4

	165
	3
	330
	4
	495
	0
	660
	0
	825
	4
	990
	3
	1155
	5

	166
	2
	331
	2
	496
	5
	661
	4
	826
	6
	991
	4
	1156
	5

	167
	1
	332
	0
	497
	2
	662
	0
	827
	1
	992
	6
	1157
	6

	168
	1
	333
	6
	498
	7
	663
	4
	828
	4
	993
	7
	1158
	6

	169
	0
	334
	4
	499
	4
	664
	0
	829
	7
	994
	1
	1159
	7

	170
	7
	335
	3
	500
	2
	665
	4
	830
	2
	995
	3
	1160
	7

	171
	7
	336
	1
	501
	7
	666
	0
	831
	4
	996
	4
	1161
	0

	172
	6
	337
	7
	502
	4
	667
	4
	832
	7
	997
	6
	1162
	0

	173
	5
	338
	5
	503
	1
	668
	0
	833
	2
	998
	0
	1163
	1

	174
	5
	339
	3
	504
	6
	669
	3
	834
	5
	999
	1
	1164
	1

	175
	4
	340
	2
	505
	3
	670
	7
	835
	7
	1000
	3
	1165
	2

	176
	3
	341
	0
	506
	0
	671
	3
	836
	2
	1001
	4
	1166
	2

	177
	2
	342
	6
	507
	5
	672
	7
	837
	5
	1002
	6
	1167
	2

	178
	2
	343
	4
	508
	2
	673
	3
	838
	7
	1003
	7
	1168
	3

	179
	1
	344
	2
	509
	7
	674
	7
	839
	2
	1004
	1
	1169
	3

	180
	0
	345
	0
	510
	4
	675
	3
	840
	5
	1005
	3
	1170
	4

	181
	7
	346
	6
	511
	1
	676
	6
	841
	7
	1006
	4
	1171
	4

	182
	7
	347
	4
	512
	6
	677
	2
	842
	2
	1007
	6
	1172
	4

	183
	6
	348
	3
	513
	3
	678
	6
	843
	5
	1008
	7
	1173
	5

	184
	5
	349
	1
	514
	0
	679
	2
	844
	0
	1009
	1
	1174
	5

	185
	4
	350
	7
	515
	4
	680
	6
	845
	2
	1010
	2
	1175
	6

	186
	4
	351
	5
	516
	1
	681
	1
	846
	5
	1011
	4
	1176
	6

	187
	3
	352
	3
	517
	6
	682
	5
	847
	7
	1012
	5
	1177
	6

	188
	2
	353
	1
	518
	3
	683
	1
	848
	2
	1013
	7
	1178
	7

	189
	1
	354
	7
	519
	0
	684
	5
	849
	5
	1014
	0
	1179
	7

	190
	0
	355
	5
	520
	5
	685
	0
	850
	7
	1015
	2
	1180
	7

	191
	0
	356
	3
	521
	2
	686
	4
	851
	2
	1016
	3
	1181
	0

	192
	7
	357
	1
	522
	7
	687
	0
	852
	5
	1017
	5
	1182
	0

	193
	6
	358
	7
	523
	4
	688
	4
	853
	7
	1018
	6
	1183
	0

	194
	5
	359
	5
	524
	1
	689
	0
	854
	2
	1019
	0
	1184
	1

	195
	4
	360
	3
	525
	6
	690
	3
	855
	4
	1020
	1
	1185
	1

	196
	4
	361
	1
	526
	2
	691
	7
	856
	7
	1021
	2
	1186
	1

	197
	3
	362
	7
	527
	7
	692
	3
	857
	2
	1022
	4
	1187
	2

	198
	2
	363
	5
	528
	4
	693
	6
	858
	4
	1023
	5
	1188
	2

	199
	1
	364
	3
	529
	1
	694
	2
	859
	7
	1024
	7
	1189
	2

	200
	0
	365
	1
	530
	6
	695
	6
	860
	1
	1025
	0
	1190
	2

	201
	7
	366
	7
	531
	3
	696
	1
	861
	4
	1026
	1
	1191
	3

	202
	6
	367
	5
	532
	7
	697
	5
	862
	6
	1027
	3
	1192
	3

	203
	5
	368
	3
	533
	4
	698
	1
	863
	1
	1028
	4
	1193
	3

	204
	5
	369
	1
	534
	1
	699
	5
	864
	3
	1029
	6
	1194
	3

	205
	4
	370
	7
	535
	6
	700
	0
	865
	6
	1030
	7
	1195
	4

	206
	3
	371
	5
	536
	3
	701
	4
	866
	0
	1031
	0
	1196
	4

	207
	2
	372
	3
	537
	7
	702
	7
	867
	3
	1032
	2
	1197
	4

	208
	1
	373
	1
	538
	4
	703
	3
	868
	5
	1033
	3
	1198
	4

	209
	0
	374
	7
	539
	1
	704
	7
	869
	0
	1034
	4
	1199
	4

	210
	7
	375
	5
	540
	6
	705
	2
	870
	2
	1035
	6
	1200
	5

	211
	6
	376
	3
	541
	3
	706
	6
	871
	5
	1036
	7
	1201
	5

	212
	5
	377
	0
	542
	7
	707
	2
	872
	7
	1037
	0
	1202
	5

	213
	4
	378
	6
	543
	4
	708
	5
	873
	2
	1038
	2
	1203
	5

	214
	3
	379
	4
	544
	1
	709
	1
	874
	4
	1039
	3
	1204
	5

	215
	2
	380
	2
	545
	6
	710
	4
	875
	7
	1040
	4
	1205
	6

	216
	1
	381
	0
	546
	2
	711
	0
	876
	1
	1041
	6
	1206
	6

	217
	0
	382
	6
	547
	7
	712
	4
	877
	4
	1042
	7
	1207
	6

	218
	7
	383
	4
	548
	4
	713
	7
	878
	6
	1043
	0
	1208
	6

	219
	6
	384
	2
	549
	0
	714
	3
	879
	0
	1044
	2
	1209
	6

	220
	5
	385
	7
	550
	5
	715
	6
	880
	3
	1045
	3
	1210
	6

	221
	4
	386
	5
	551
	2
	716
	2
	881
	5
	1046
	4
	1211
	6

	222
	3
	387
	3
	552
	7
	717
	5
	882
	0
	1047
	5
	1212
	7

	223
	2
	388
	1
	553
	3
	718
	1
	883
	2
	1048
	7
	1213
	7

	224
	1
	389
	7
	554
	0
	719
	4
	884
	4
	1049
	0
	1214
	7

	225
	0
	390
	5
	555
	5
	720
	0
	885
	7
	1050
	1
	1215
	7

	226
	7
	391
	2
	556
	1
	721
	4
	886
	1
	1051
	2
	1216
	7

	227
	6
	392
	0
	557
	6
	722
	7
	887
	4
	1052
	4
	1217
	7

	228
	5
	393
	6
	558
	3
	723
	3
	888
	6
	1053
	5
	1218
	7

	229
	4
	394
	4
	559
	7
	724
	6
	889
	0
	1054
	6
	1219
	7

	230
	3
	395
	2
	560
	4
	725
	2
	890
	3
	1055
	7
	1220
	7

	231
	2
	396
	7
	561
	0
	726
	5
	891
	5
	1056
	0
	1221
	7

	232
	0
	397
	5
	562
	5
	727
	0
	892
	7
	1057
	2
	1222
	7

	233
	7
	398
	3
	563
	2
	728
	4
	893
	2
	1058
	3
	1223
	7

	234
	6
	399
	1
	564
	6
	729
	7
	894
	4
	1059
	4
	1224
	7

	235
	5
	400
	6
	565
	3
	730
	3
	895
	6
	1060
	5
	1225
	7

	236
	4
	401
	4
	566
	7
	731
	6
	896
	1
	1061
	6
	1226
	7

	237
	3
	402
	2
	567
	4
	732
	2
	897
	3
	1062
	7
	1227
	7

	238
	2
	403
	0
	568
	1
	733
	5
	898
	5
	1063
	1
	1228
	7



	Informative Text
The phase reference may also be described in equation form as shown below. This form is described here as informative text due to possible differences in round off and varying interpretations of the floor() and mod() functions.
First, create the floating-point phase reference, FLT, as 
[image: Equation]

where: 
[image: form2].
 
 is then created by quantizing FLT as follows: 

	for 74 ≤ c ≤ 1227

	for c = 1228

In the above equation, indices 74 and 1228 correspond to 1.8 MHz and 30 MHz, respectively. As with HomePlug AV, these values are the minimum and maximum frequencies that the HomePlug GREEN PHY system can use.

One characteristic of OFDM is that it is possible for the time domain waveforms to have large instantaneous excursions above the average symbol power when a number of carriers end up transmitting the same phase during a particular OFDM Symbol. The phase reference is therefore used to introduce a phase shift between carriers to minimize the probability that many end up transmitting the same phase, minimizing the Peak-to-Average Power Ratio (PAPR). While any phase reference that introduces such shifts will work, the above reference was chosen because it produces a low PAPR symbol (frequency sweep or “chirp”) if passed through the IFFT un-modulated.
Because a specific reference symbol is never transmitted through the channel, the receiver must estimate the attenuation and phase shift caused by the channel for each carrier from the Preamble and the FC. A partial channel reference for the FC (for those carriers that are in the Preamble) can be derived by using one or more of the Preamble SYNCP AV symbols as channel-reference symbols. Interpolation can then be performed to estimate attenuation and phase shift for the missing carriers in between. 
The channel reference for the payload symbol(s) can be determined from the Frame Control symbol as follows. After demodulation and decoding of the Frame Control, the information bits are put back through the Frame Control FEC Encoder to determine which QPSK phases were actually transmitted during the Frame Control symbol. These phases are then subtracted from the received Frame Control phases essentially yielding a channel reference for the subsequent payload symbol(s).


[bookmark: _Ref110953357][bookmark: _Toc258242267]Mapping for Frame Control Coherent QPSK 
[bookmark: _Toc94934256]The 2*NCarriers*NSymbols bits of data from the Diversity Copier shall be mapped into coherent QPSK, where NCarriers is the number of non-masked carriers and Nsymbols is the number of FC OFDM Symbols. The mapping function for Frame Control shall obey the Tone Mask.
[bookmark: _Ref110952952][bookmark: _Toc258242268]Mapping for BPSK, QPSK, 8-QAM, 16-QAM, 64-QAM, 256-QAM, 1024-QAM
Data bits shall be mapped for coherent QAM modulation. Mapping is performed on both the I and Q channels in the following way.
1. The Mapper takes 1, 2, 3, 4, 6, 8, or 10 bits, depending on the constellation of the current symbol and maps them into the I and Q values of a symbol. Table 3‑17 shows how the bits are mapped to a symbol. In all cases, the LSB x0 has the earliest time index. 
Note: BPSK has nothing transmitted in the Q channel.
2. These bits are then mapped to the values in Table 3‑18 and Table 3‑19, resulting in I and Q values for each symbol.
3. The symbols are scaled to produce a unity average power symbol. The I and Q values are multiplied by the power scale value in Table 3‑20.
The mapping function for QAM modulation shall obey the Tone Mask; that is:
Carriers that are masked (refer to Section 3.6.7) are not assigned I and Q constellation symbols and
The amplitude is set to zero. 
Additionally all non-ROBO-AV PPDU payload mapping shall obey the Tone Map of a given Link (refer to Section 5.2.1 and Section 5.2.5).
[bookmark: _Ref94984925][bookmark: _Toc140330014][bookmark: _Toc256456732][bookmark: _Toc256460703][bookmark: _Toc256461199][bookmark: _Toc314918102]Table 3‑17: Bit Mapping
	Modulation Scheme
	Bits from Channel Interleaver
	I Channel
	Q Channel
	GREEN PHY
requirement

	BPSK
	x0
	x0
	---
	NO

	QPSK
	x1x0
	x0
	x1
	YES

	8-QAM
	x2x1x0
	x1x0
	x2
	NO

	16-QAM
	x3x2x1x0
	x1x0
	x3x2
	NO

	64-QAM
	x5x4x3x2x1x0
	x2x1x0
	x5x4x3
	NO

	256-QAM
	x7x6x5x4x3x2x1x0
	x3x2x1x0
	x7x6x5x4
	NO

	1024-QAM
	x9x8x7x6x5x4x3x2x1x0
	x4x3x2x1x0
	x9x8x7x6x5
	NO

	[bookmark: _Ref94985012][bookmark: _Toc140330015][bookmark: _Toc256456733][bookmark: _Toc256460704][bookmark: _Toc256461200][bookmark: _Toc314918103]Table 3‑18: Symbol Mapping (Except 8-QAM)

	GREEN PHY requirement
	NO
	NO
	NO
	NO
	YES
	NO

	Mapped Value
	1024-QAM
(x4x3x2x1x0)
(x9x8x7x6x5)
	256-QAM
(x3x2x1x0)
(x7x6x5x4)
	64-QAM
(x2x1x0)
(x5x4x3)
	16-QAM
(x1x0)
(x3x2)
	QPSK
(x0)
(x1)
	BPSK
(x0)
(---)

	+31
	11000
	
	
	
	
	

	+29
	11001
	
	
	
	
	

	+27
	11011
	
	
	
	
	

	+25
	11010
	
	
	
	
	

	+23
	11110
	
	
	
	
	

	+21
	11111
	
	
	
	
	

	+19
	11101
	
	
	
	
	

	+17
	11100
	
	
	
	
	

	+15
	10100
	1100
	
	
	
	

	+13
	10101
	1101
	
	
	
	

	+11
	10111
	1111
	
	
	
	

	+9
	10110
	1110
	
	
	
	

	+7
	10010
	1010
	110
	
	
	

	+5
	10011
	1011
	111
	
	
	

	+3
	10001
	1001
	101
	11
	
	

	+1
	10000
	1000
	100
	10
	1
	1

	-1
	00000
	0000
	000
	00
	0
	0

	-3
	00001
	0001
	001
	01
	
	

	-5
	00011
	0011
	011
	
	
	

	-7
	00010
	0010
	010
	
	
	

	-9
	00110
	0110
	
	
	
	

	-11
	00111
	0111
	
	
	
	

	-13
	00101
	0101
	
	
	
	

	-15
	00100
	0100
	
	
	
	

	-17
	01100
	
	
	
	
	

	-19
	01101
	
	
	
	
	

	-21
	01111
	
	
	
	
	

	-23
	01110
	
	
	
	
	

	-25
	01010
	
	
	
	
	

	-27
	01011
	
	
	
	
	

	-29
	01001
	
	
	
	
	

	-31
	01000
	
	
	
	
	



[bookmark: _Ref95410501]

	[bookmark: _Ref103050538][bookmark: _Toc140330016][bookmark: _Toc256456734][bookmark: _Toc256460705][bookmark: _Toc256461201][bookmark: _Toc314918104]Table 3‑19: Symbol Mapping for 8-QAM (not required for GREEN PHY)

	Mapped Value I
	Mapped Value Q
	8-QAM
(x2x1x0)

	-1
	-1.29
	000

	-3
	-1.29
	001

	+1
	-1.29
	010

	+3
	-1.29
	011

	-1
	+1.29
	100

	-3
	+1.29
	101

	+1
	+1.29
	110

	+3
	+1.29
	111


[bookmark: _Ref91533099][bookmark: _Toc72419165][bookmark: _Toc76886453][bookmark: _Toc80528654][bookmark: _Toc82503089][bookmark: _Toc86059973][bookmark: _Toc93340442][bookmark: _Toc140330017][bookmark: _Toc256456735][bookmark: _Toc256460706][bookmark: _Toc256461202][bookmark: _Toc314918105]Table 3‑20: Modulation Normalization Scales
	Modulation
	PowerScale
	GREEN PHY
requirement

	BPSK
	[image: ]
	NO

	QPSK
	[image: ]
	YES

	8-QAM
	

	NO

	16-QAM
	[image: ]
	NO

	64-QAM
	[image: ]
	NO

	256-QAM
	[image: ]
	NO

	1024-QAM
	[image: ]
	NO




 
[bookmark: _Toc258242269]Mapping for ROBO-AV
For ROBO-AV modulation, the majority of non-masked carriers are mapped with coherent QPSK modulation. A small number of carriers may become unusable in a particular ROBO Mode, since the ROBO Modes require the number of carriers to be an integer multiple of the number of redundant copies in the interleaver. Section 3.4.3.1 defines the creation of ROBO Tone Maps. 
[bookmark: _Ref94986629][bookmark: _Toc95450264][bookmark: _Toc258242270]Symbol Generation
The following subsections specify in equation form the output of the IFFT, Preamble insertion, Windowing, and the Cyclic prefix insertion blocks in Figure 3-1. 
[bookmark: _Ref95377100][bookmark: _Toc258242271]Preamble
As with HomePlug AV, and as shown in Figure 3-2 and Figure 3-4, the Preamble sequence used by a HomePlug GREEN PHY station depends on whether the station is operating in AV-Only Mode or Hybrid Mode. Both of these Preambles are modified versions of HomePlug 1.0.1 Preamble that enable better performance and coexistence. The unshaped extended Preamble waveform is shown in Figure 3-13.
[image: ]
[bookmark: _Toc314917962]Figure 3‑13: Extended Preamble Structure
The SYNCP AV and SYNCM AV symbols shown in this figure are similar to HomePlug 1.0.1’s SYNCP and SYNCM symbols, except the AV symbols utilize carriers spanning 1.8-30 MHz, whereas the HomePlug 1.0.1 Preamble uses only 76 carriers spanning 4.5-20.7 MHz. The symbols labeled “Last Half” and “First Half” span 192 samples or 2.56 us whereas the other symbols span 384 samples or 5.12 us. Therefore, there is a total of 3840 samples in the extended time domain waveform. 
The reference phase angle numbers for the SYNCP AV symbol for all carriers spanning roughly 1.8-30 MHz are included in Table 3‑21. The actual phase, in radians, is the Phase Angle Number multiplied by /8. As the SYNCM AV time domain waveform is defined as the SYNCP AV waveform multiplied by –1, the SYNCM AV phases are the SYNCP AV phases shifted by  radians.
When the North American Spectral Mask in Table 3‑23 is the active spectral mask, the grayed carriers in Table 3‑21 are masked. The set of unmasked carriers with spacing as in Table 3‑21 is denoted as CHP1.0-ES. The index “HP1.0-ES” refers to “HomePlug 1.0.1 Carriers – Extended Set.”
	[bookmark: _Ref94985519][bookmark: _Toc140330019][bookmark: _Toc256456736][bookmark: _Toc256460707][bookmark: _Toc256461203][bookmark: _Toc314918106]Table 3‑21: SYNCP AV Phase Reference

	384-IFFT Carrier Number
	Frequency
(MHz)
	Phase Angle Number
	384-IFFT Carrier Number
	Frequency
(MHz)
	Phase Angle Number
	384-IFFT Carrier Number
	Frequency
(MHz)
	Phase Angle Number

	10
	1.953125
	15
	58
	11.32813
	8
	106
	20.70313
	8

	11
	2.148438
	1
	59
	11.52344
	1
	107
	20.89844
	3

	12
	2.343750
	0
	60
	11.71875
	10
	108
	21.09375
	15

	13
	2.539063
	11
	61
	11.91406
	3
	109
	21.28906
	4

	14
	2.734375
	12
	62
	12.10938
	11
	110
	21.48438
	10

	15
	2.929688
	8
	63
	12.30469
	4
	111
	21.67969
	13

	16
	3.125000
	15
	64
	12.50000
	12
	112
	21.87500
	15

	17
	3.320313
	14
	65
	12.69531
	4
	113
	22.07031
	6

	18
	3.515625
	5
	66
	12.89063
	12
	114
	22.26563
	11

	19
	3.710938
	14
	67
	13.08594
	3
	115
	22.46094
	3

	20
	3.906250
	13
	68
	13.28125
	11
	116
	22.65625
	2

	21
	4.101563
	10
	69
	13.47656
	2
	117
	22.85156
	12

	22
	4.296875
	4
	70
	13.67188
	9
	118
	23.04688
	13

	23
	4.492188
	0
	71
	13.86719
	0
	119
	23.24219
	9

	24
	4.687500
	0
	72
	14.06250
	7
	120
	23.43750
	7

	25
	4.882813
	15
	73
	14.25781
	13
	121
	23.63281
	7

	26
	5.078125
	15
	74
	14.45313
	3
	122
	23.82813
	8

	27
	5.273438
	14
	75
	14.64844
	10
	123
	24.02344
	11

	28
	5.468750
	13
	76
	14.84375
	15
	124
	24.21875
	12

	29
	5.664063
	12
	77
	15.03906
	5
	125
	24.41406
	8

	30
	5.859375
	11
	78
	15.23438
	11
	126
	24.60938
	1

	31
	6.054688
	9
	79
	15.42969
	0
	127
	24.80469
	7

	32
	6.250000
	7
	80
	15.62500
	5
	128
	25.00000
	8

	33
	6.445313
	6
	81
	15.82031
	10
	129
	25.19531
	1

	34
	6.640625
	3
	82
	16.01563
	15
	130
	25.39063
	7

	35
	6.835938
	1
	83
	16.21094
	3
	131
	25.58594
	0

	36
	7.031250
	15
	84
	16.40625
	8
	132
	25.78125
	12

	37
	7.226563
	12
	85
	16.60156
	12
	133
	25.97656
	13

	38
	7.421875
	9
	86
	16.79688
	0
	134
	26.17188
	0

	39
	7.617188
	6
	87
	16.99219
	4
	135
	26.36719
	1

	40
	7.812500
	3
	88
	17.18750
	7
	136
	26.56250
	1

	41
	8.007813
	15
	89
	17.38281
	11
	137
	26.75781
	15

	42
	8.203125
	12
	90
	17.57813
	14
	138
	26.95313
	11

	43
	8.398438
	8
	91
	17.77344
	1
	139
	27.14844
	12

	44
	8.593750
	4
	92
	17.96875
	4
	140
	27.34375
	6

	45
	8.789063
	0
	93
	18.16406
	7
	141
	27.53906
	5

	46
	8.984375
	11
	94
	18.35938
	9
	142
	27.73438
	13

	47
	9.179688
	7
	95
	18.55469
	11
	143
	27.92969
	2

	48
	9.375000
	2
	96
	18.75000
	14
	144
	28.12500
	9

	49
	9.570313
	13
	97
	18.94531
	15
	145
	28.32031
	11

	50
	9.765625
	8
	98
	19.14063
	1
	146
	28.51563
	14

	51
	9.960938
	3
	99
	19.33594
	3
	147
	28.71094
	04

	52
	10.156250
	13
	100
	19.53125
	4
	148
	28.90625
	09

	53
	10.351563
	7
	101
	19.72656
	5
	149
	29.10156
	05

	54
	10.546875
	2
	102
	19.92188
	6
	150
	29.29688
	08

	55
	10.74219
	11
	103
	20.11719
	7
	151
	29.49219
	08

	56
	10.93750
	5
	104
	20.31250
	7
	152
	29.68750
	09

	57
	11.13281
	15
	105
	20.50781
	8
	153
	29.88281
	09


The time domain waveform elements of the extended Preamble structure in Figure 3-13 are defined as:




where CHP1.0-ES is the set of all unmasked carriers in the HomePlug 1.0.1 Extended Set (defined above), c is an index with values in CHP1.0-ES, c=0 corresponds to D.C., and (c) denotes the phase angle number defined in Table 3‑21 multiplied by /8. The scaling factor of 103/20 is due to the Preamble Symbol power boost defined in Table 3‑22. Therefore, the entire extended Preamble waveform, SPreambleExt is given by:


Note: Due to the SYNCP/SYNCM transition, additional filtering is required in notched bands to make the extended Preamble waveform meet the spectral mask. The following informative text describes one way to create a spectrally correct extended Preamble waveform, without using digital filters. 

	Informative Text
The creation of the extended Preamble begins with the time domain waveform of the nominal Preamble shown in Figure 3‑14.


[bookmark: _Ref99988640][bookmark: _Toc140330020][bookmark: _Toc314917963]Figure 3‑14: Nominal Preamble Structure

The nominal Preamble waveform, SNomPreamble is given by:



where SSYNCP_AV and SSYNCM_AV are the same as defined above with the exception that here all carriers in Table 3‑21 may be used (not just the subset of unmasked carriers).
A 3072-FFT is performed on SNomPreamble, the amplitude mask , is applied, and a 3072-IFFT is performed to create the masked nominal Preamble, SNomPreambleMasked. 



The vector  sets all masked carriers (positive and negative frequencies) to 0 amplitude as:







where  is the subset of all positive unmasked carriers, is the subset of all negative unmasked carriers, and c is an index with values in     and . 
After performing the IFFT, windowing is applied to the resulting waveform to create the two Preamble sections shown in Figure 3‑15. 
The “rising” part of the tapered windowing, wrise, and the “falling” part, wfall are defined as: 



	
where the equation parameter RI is defined in Figure 3‑6: OFDM Symbol Timing
Table 3‑2.
The waveform for Preamble Section A is therefore defined as:


where:



The waveform for Preamble Section B is defined as:


where:


[image: ]
[bookmark: _Ref100069825][bookmark: _Toc140330021][bookmark: _Toc314917964]Figure 3‑15: Sections for Extended Preamble

Preamble Sections A and B are then summed to produce the extended Preamble waveform (SPreambleExt) as defined by:



and shown in Figure 3-13.


Shaping is then applied to the extended Preamble to create the AV Preamble as defined by:


where:






to obtain the AV Preamble, as shown in Figure 3‑16.


[bookmark: _Ref78606099][bookmark: _Toc78783582][bookmark: _Toc81635327][bookmark: _Toc86059954][bookmark: _Toc87181617][bookmark: _Toc93340207][bookmark: _Toc140330022][bookmark: _Toc314917965]Figure 3‑16: AV Preamble Waveform
The AV Frame Control symbol that follows is overlapped with the AV Preamble waveform by RI samples, as shown in Figure 3-5 for the general case.
The Hybrid Preamble is generated in a similar way to the AV Preamble, except the tapering on the end of the Preamble begins 384 samples earlier to effectively remove one SYNCM AV symbol as shown in Figure 3‑17. The Hybrid Preamble is defined as:


where:




[bookmark: _Ref91550828][bookmark: _Toc93340208][bookmark: _Toc140330023][bookmark: _Toc314917966]Figure 3‑17: Hybrid Preamble Waveform
The HomePlug 1.0.1 Frame Control that follows is overlapped with the Hybrid Preamble waveform by RI samples, as shown in Figure 3-6 .

	Informative Text
The Hybrid and AV Preambles differ in length by 384 samples. An extra SYNCM symbol is required in the AV Preamble for synchronization reliability to not be compromised by Inter-Symbol Interference (ISI), since part of the Preamble is overlapped with the AV FC symbol. Due to the way the HomePlug 1.0.1 FC is created in the Hybrid Preamble case, the overlap adds constructively. Therefore ISI is not present and the extra SYNCM symbol is not required.
While HomePlug 1.0.1 had six SYNCP symbols in the Preamble, the Hybrid and AV Preambles have 7.5. However, the Hybrid and AV Preambles also have shaping that affects the amplitude profile of the first 1.5 symbols. Since AGC algorithms are amplitude dependent, adding the extra 1.5 symbols ensures that both 1.0.1 and AV Preambles have the same number of “unshaped” SYNCP symbols. Therefore, for the same AGC algorithm, AGC convergence time for AV and Hybrid Preambles will be the same, or better, than that of HomePlug 1.0.1 Preambles.
Both the AV and Hybrid Preambles were chosen to facilitate interoperability with existing HomePlug 1.0.1 nodes. The same Preamble symbol length is used as well as the same transmitted magnitudes and phases for each of the HomePlug 1.0.1 carriers. Therefore, HomePlug 1.0.1 nodes will synchronize with AV nodes with similar reliability to that of HomePlug 1.0.1 nodes. The HomePlug 1.0.1 carriers span approximately 4.5 MHz to 20.7 MHz. For both Hybrid and AV Modes, extra carriers are used below 4.5 MHz and above 20.7 MHz to expand the Preamble bandwidth to 2 MHz to 28 MHz for the Tone Mask defined in Table 3‑23. The extra bandwidth provides increased synchronization reliability for AV nodes, without affecting HomePlug 1.0.1 synchronization reliability.


[bookmark: _Ref142466667][bookmark: _Toc258242272]HomePlug 1.0.1 Frame Control
As with HomePlug AV, to operate in Hybrid Mode, the GREEN PHY system must be able to generate HomePlug 1.0.1 Frame Control symbols that not only can be properly decoded by 1.0.1 stations, but also conform to the spectral mask defined in Table 3‑23. The HomePlug 1.0.1 Frame Control segment, FCHP1.0, of the Hybrid delimiter is defined by the following equations:

where


where SSYNCM_AV, wrise, and wfall, are defined in Section 3.6.1, and




for m=1,2,3,4.  is defined in Table 3‑21 and  results from the mapping of the HomePlug 1.0.1 FC channel bits as described in the HomePlug 1.0.1 specification, and the index d takes values from 0 to 75 for the first symbol, 76 to 151 for the second symbol, 152 to 227 for the third symbol, and 228 to 383 for the fourth symbol. The set CHP1.0 is the set of all unmasked carriers defined in the HomePlug 1.0.1 specification.
The portion of the waveform labeled Residual is not explicitly defined and is inserted to support generation of the FC 1.0 using the 3072-IFFT method described in the informative text below. For implementations not using the 3072-IFFT method, any waveform may be transmitted in this portion, provided that it will not result in spectral mask violations. 
The FC1.0.1 segment shall overlap with the Hybrid Preamble by RI samples, that is, sample zero of FC1.0.1 shall be added to sample 3084 of the preamble, and sample 371 (RI-1) of the FC1.0.1 shall be added to sample 3455 of the hybrid preamble.
The informative text below describes how the HomePlug 1.0.1 FC segment in the hybrid preamble can be generated using a 3072-based FFT engine.

	Informative Text
As with HomePlug AV, to assemble 1.0.1-compatible FC symbols using the 3072-IFFT, the GREEN PHY node creates the waveform shown in Figure 3‑18. This is referred to as the HomePlug 1.0.1 FC Macro Symbol. 
The space labeled “Residual” refers to the fact that when using the 3072-IFFT to create the HomePlug 1.0.1 FC Macro Symbol, the resulting time domain waveform is 3072 samples long. As with HomePlug AV, while the waveform in this Region does not carry information, its presence is required (cannot be zeroed or discarded) to preserve the GREEN PHY spectral mask. 


[bookmark: _Ref91596679][bookmark: _Toc93340209][bookmark: _Toc140330024][bookmark: _Toc314917967]Figure 3‑18: HomePlug 1.0.1 FC Macro Symbol

In the HomePlug 1.0.1 FC Macro Symbol, each HomePlug 1.0.1 FC sub-symbol carries unique data on each of its carrier frequencies, per the HomePlug 1.0.1 specification. This data is modulated on each of the sub-symbol’s 76 HomePlug 1.0.1 carriers using BPSK. A representative waveform for a single data bit carrier in the FC1 sub-symbol is shown in Figure 3‑19.


[bookmark: _Ref94986314][bookmark: _Toc93340210][bookmark: _Toc140330025][bookmark: _Toc314917968]Figure 3‑19: Single Bit Carrier-Symbol Waveform

When examined in the frequency domain, this waveform has a sin(x)/x amplitude profile and a phase profile that is dependent on its frequency (carrier number) and position in time (FC sub-symbol number). Furthermore, due to its sin(x)/x frequency amplitude, the majority of the signal power resides in the frequencies that are closest to the fundamental frequency. 
Based on this information, the carrier waveform for each data bit of each FC symbol can be recreated using the 3072-IFFT and a table containing the magnitude and phase of the fundamental carrier as well as some number of carriers to either side of the fundamental. 
If each symbol’s contribution to each carrier frequency is summed together (in the frequency domain) and then summed with the frequency contribution of the Preamble prefix fragment (first RI samples of the waveform in Figure 3‑18), the resultant will be a frequency domain representation of the desired waveform. Performing a 3072-IFFT on this representation will generate the desired HomePlug 1.0.1 FC Macro Symbol time domain waveform.
It has been found empirically that the fundamental carrier with 7 AV carriers to either side yields robust system performance (preliminary modeling shows ~18 dB SNR, with 15 total AV carriers per HomePlug 1.0.1 carrier). 
Since the HomePlug 1.0.1 carriers are spaced 8 AV carriers apart, FC symbol carrier spectra will overlap. The data modulates the FC carriers using BPSK, hence, the modulation must be applied to the carriers and their associated sidebands before they are overlapped.
After producing the HomePlug 1.0.1 FC Macro Symbol, a postfix (copied samples from the beginning of the HomePlug 1.0.1 FC Macro Symbol) is added, so that no part of the fourth 1.0.1 FC symbol is in the RI overlap Region. 


[bookmark: _Toc93340211][bookmark: _Toc140330026][bookmark: _Toc314917969]Figure 3‑20: HomePlug 1.0.1 FC Macro Symbol with Postfix and Shaping

This waveform overlaps the Preamble symbol by RI samples, resulting in a full amplitude, spectrally correct and contiguous HomePlug 1.0.1 compatible Preamble and Frame Control.


[bookmark: _Toc258242273]Frame Control 
As with HomePlug AV, the generation of Frame Control symbol(s) for the GREEN PHY shall comply with the following equations. The angles  are defined as the set of QPSK phases computed from the Mapper output (refer to Section ‎3.5). For example, if the Mapper output for a particular carrier is:


then (d) is 45. The first value of d for each symbol (corresponding to the minimum value of c) is equal to the number of carriers in the set CHPAV multiplied by the symbol number m, with m = 0 for the first Frame Control symbol in the PPDU. The index d is incremented by one for each successive value of c in the set CHPAV.
The waveform for a particular Frame Control symbol, SFCAV[n] is defined as: 




where:


The equation parameters T, GIFC, and RI are defined in Figure 3‑6: OFDM Symbol Timing
Table 3‑2. wrise and wfall are defined in Section 3.6.1.
CHPAV is the set of all unmasked carriers, c is an index with values in C, c = 0 corresponds to D.C., and (c) is defined in Section 3.5.3. The scaling factor of 103/20 is due to the Frame Control Symbol power boost defined in Table 3‑22.
[bookmark: _Ref95377309][bookmark: _Toc258242274]Payload Symbols
The generation of the Payload Symbols shall comply with the following equations. The time domain discrete waveform for one payload symbol is defined below.


where:


The equation parameters RI, T, and GI are defined in Figure 3‑6: OFDM Symbol Timing
Table 3‑2. wrise and wfall are defined in Section 3.6.1. The scaling factor of 102.2/20 is due to the PPDU Payload Symbol power boost defined in Table 3‑22.
The set M is the subset of all carriers in the Tone Map for non-ROBO symbols, and the modified Tone Mask used by ROBO symbols (refer to Section 3.4.3.1), c is the carrier index with values in M and c = 0 corresponds to D.C., (c) is defined in Section 3.5.3, and  and  are defined as the set of phases and amplitudes respectively of the rectangular symbols out of the Mapper (see Table 3‑18, Table 3‑19, and Table 3‑20). For example, if the Mapper output for a particular 16-QAM carrier is:
 [image: ]

then (d) = 1 and (d) = 71.57°. The first value of d for each symbol (corresponding to the minimum value of c) is equal to the number of carriers in the set M multiplied by the symbol number m, with m = 0 for the first payload symbol in the PPDU. The index d is incremented by one for each successive value of c. 
[bookmark: _Ref107341258][bookmark: _Toc258242275]Priority Resolution Symbol
The Priority Resolution Symbol shall be used during the Priority Resolution Slots (PRS). The Priority Resolution Symbol is derived from the PRS waveform defined in the HomePlug 1.0.1 specification by:
Including the additional carriers defined for the AV Preamble
Reversing the sign of the phases used in the Preamble
Affixing an extra half of a sub-symbol to the beginning and end of the standard six HomePlug 1.0.1 PRS sub-symbols
Pulse-shaping the first and last RI samples of the resulting waveform
Beginning transmission of the waveform a half of a sub-symbol (2.56 μs) before the start of the actual slot time
The nominal PRS waveform is defined as:


where CHP1.0-ES is the subset of all unmasked HomePlug 1.0.1 Extended Set carriers, c is an index with values in CHP1.0-ES, c=0 corresponds to D.C., and (c) denotes the phase angle number defined in Table 3‑21 multiplied by /8. The scaling factor of 103/20 is due to the Priority Resolution Symbol scaling defined in Table 3‑22.

	Informative Text
The nominal masked PRS waveform can be created using the 3072-IFFT. First, the nominal unmasked PRS waveform is defined as:




where  are the phases defined in Section 3.6.1. A 3072-FFT is performed on SNomPRS, the amplitude mask  (refer to Section 3.6) is applied, and the IFFT is performed to create the masked nominal PRS waveform.




The PRS waveform is then created by windowing the first and last symbols, effectively shrinking the length of the waveform by one sub-symbol (5.12 μs):


where:


The equation parameters T and RI are defined in Figure 3‑6: OFDM Symbol Timing
Table 3‑2. wrise and wfall are defined in Section 3.6.1. To minimize the effect of the symbol shaping on priority detection reliability, the transmission of the resulting PRS waveform, SPRS_AV, begins one-half a sub-symbol, or 2.56 μs, before the start of the actual Priority Resolution Slot, as shown in Figure 3‑21.


[bookmark: _Ref102466932][bookmark: _Toc140330027][bookmark: _Toc314917970]Figure 3‑21: AV PRS Waveform
[bookmark: _Ref108239629][bookmark: _Toc258242276]Relative Power Levels
As with HomePlug AV, since radiation compliance is measured using quasi-peak (not mean) power, GREEN PHY traffic must have the same peak Power Spectral Density (PSD) profile as HomePlug 1.0.1 traffic. However, due to the closer carrier spacing (24.414 kHz) of Frame Control and PPDU payload symbols compared to those of HomePlug 1.0.1 (195.31 kHz), the resulting PSD has less ripple. This translates into a boost of approximately 2.2 dB in average subcarrier power for Frame Control and PPDU payload symbols for HomePlug 1.0.1 and GREEN PHY to have the same peak power levels.
Additionally, there are some waveforms with relatively low duty cycles. They can therefore be transmitted at higher average power than other types of higher duty cycle traffic, without affecting the measured peak PSD. 
Table 3‑22 summarizes the relative subcarrier average power levels for HomePlug 1.0.1 and HomePlug GREEN PHY with the HomePlug 1.0.1 PPDU payload symbols (called “packet body” symbols in HomePlug 1.0.1) as a reference. HomePlug GREEN PHY stations shall adjust their average power to comply with this table.
[bookmark: _Ref86827679][bookmark: _Ref107245326][bookmark: _Toc87181849][bookmark: _Toc93340444][bookmark: _Toc140330028][bookmark: _Toc256456737][bookmark: _Toc256460708][bookmark: _Toc256461204][bookmark: _Toc314918107]Table 3‑22: Relative Power Levels
	Waveform Type
	Average Subcarrier Power Boost 

	
	HomePlug 1.0.1
	HomePlug AV and GREEN PHY

	Preamble Symbols
	3 dB
	3 dB

	Frame Control Symbols
	0 dB
	3 dB

	PPDU Payload Symbols
	0 dB
	2.2 dB

	Priority Resolution Symbols
	3 dB
	3 dB


Note: The boost in average power applies to both the IFFT interval and cyclic prefix (if applicable).
[bookmark: _Ref95376317][bookmark: _Toc258242277]Tone Mask 
As with HomePlug AV, a Tone (or Carrier) Mask defines the set of tones that can be used in a given regulatory jurisdiction or a given application of the HomePlug GREEN PHY system. Certain tones need to be turned off to comply with the spectral mask requirements of the Region or application. Table 3‑23 defines the maximal Tone Mask that will comply with current North American regulations. Tone Masks for other regulatory jurisdictions will be set by HomePlug as regulations for those regions become clear. The spectral mask for North America is also shown in Table 3‑23 and depicted in Figure 3‑25. As with HomePlug AV, to meet other regulations or applications, a HomePlug GREEN PHY station shall be capable of supporting Tone Masks of any combination of unmasked carriers, from a minimum of 275 to a maximum of 1155 unmasked carriers, in the frequency range of 1.8 to 30 MHz (carrier numbers 74-1228).
The 3072-point IFFT generates 1536 positive frequency carriers, with the carrier frequency of carrier k equal to:
[image: ] Hz
A given carrier k is turned off if its presence will result in the transmitted spectrum violating the spectral mask. This condition can be determined from the spectral mask and the composite spectral occupancy of a semi-infinite set of HomePlug carriers ending with a carrier with center at f = 0 Hz, as shown in Figure 3‑22 and Figure 3‑23. While both figures show the occupancy profile for the three payload symbol GI lengths of Figure 3‑6: OFDM Symbol Timing
Table 3‑2, Figure 3‑23 zooms in to detail the 30 dB down cutoff bandwidths for the standard mask defined by Table 3‑23.
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[bookmark: _Ref94987817][bookmark: _Toc140330029][bookmark: _Toc314917971]Figure 3‑22: Spectral Occupancy for Semi-Infinite Number of Carriers - Zoomed Out
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[bookmark: _Ref90347396][bookmark: _Toc93340213][bookmark: _Toc140330030][bookmark: _Toc314917972]Figure 3‑23: Spectral Occupancy for Semi-Infinite Number of Carriers - Zoomed In

	Informative Text
The spectral occupancy of a single base-band carrier can be determined by the following method. Beginning with the time-domain waveform of the general OFDM payload symbol window shape w[n] defined in Section 3.6.4, append a large number of zeros onto this waveform to create an extended window wextended. For example, add zeros so that the resulting waveform length is 3072*100 total samples.
Determine the over-sampled spectral occupancy (power) of this single base-band carrier by performing [image: ]. 
To get the combined occupancy for a large (semi-infinite) number of carriers, a summation can now be performed using PBaseBand. Before summing for each additional carrier, PBaseBand is shifted to reflect the frequency difference between the current carrier power being summed and the original 0 Hz base-band carrier. 



[bookmark: _Ref88987013][bookmark: _Ref89830032][bookmark: _Ref88987005][bookmark: _Toc93340445][bookmark: _Toc140330031][bookmark: _Toc256456738][bookmark: _Toc256460709][bookmark: _Toc256461205][bookmark: _Toc314918108]Table 3‑23: North American Carrier (Tone) and Spectral Masks
	Frequency (MHz)
	PSD Limit (dBm/Hz)
	Carrier On/Off
	Notes

	F <= 1.71
	-87
	Carriers 0-70 are OFF
	AM broadcast band and lower

	1.71<F<1.8
	-80
	Carriers 71-73 are OFF
	Between AM and 160-meter band

	1.8 <= F <= 2.00
	-80
	Carriers 74-85 are OFF
	160 meter amateur band

	2.00 < F < 3.5
	-50
	Carriers 86-139 are ON
	HomePlug carriers

	3.5 <= F <= 4.00
	-80
	Carriers 140-167 are OFF
	80 meter amateur band

	4.000 < F < 5.33
	-50
	Carriers 168-214 are ON
	HomePlug carriers

	5.33 <= F <= 5.407
	-80
	Carriers 215-225 are OFF
	5 MHz amateur band

	5.407 < F < 7.0
	-50
	Carriers 226-282 are ON
	HomePlug Carriers

	7.0 <= F <= 7.3
	-80
	Carriers 283-302 are OFF
	40 meter amateur band

	7.3 < F < 10.10
	-50
	Carriers 303-409 are ON
	HomePlug carriers

	10.10 <= F <= 10.15
	-80
	Carriers 410-419 are OFF
	30 meter amateur band

	10.15 < F < 14.00
	-50
	Carriers 420-569 are ON
	HomePlug carriers

	14.00 <= F <= 14.35
	-80
	Carriers 570-591 are OFF
	20 meter amateur band

	14.35 < F < 18.068
	-50
	Carriers 592-736 are ON
	HomePlug carriers

	18.068 <= F <= 18.168
	-80
	Carriers 737-748 are OFF
	17 meter amateur band

	18.168 < F < 21.00
	-50
	Carriers 749-856 are ON
	HomePlug carriers

	21.000 <= F <= 21.45
	-80
	Carriers 857-882 are OFF
	15 meter amateur band

	21.45 < F < 24.89
	-50
	Carriers 883-1015 are ON
	HomePlug Carriers

	24.89 <= F <= 24.99
	-80
	Carriers 1016-1027 are OFF
	12 meter amateur band

	24.99 < F < 28.0
	-50
	Carriers 1028-1143 are ON
	HomePlug Carriers

	F >= 28.0
	-80
	Carriers 1144-1535 are OFF
	10 meter amateur band


[bookmark: _Toc85979927][bookmark: _Toc85980075][bookmark: _Toc86059923]The optional BPL coexistence AV Mode can turn off further carriers if frequency domain multiplexing is used. For example, if the band up to 10 MHz is reserved for BPL access, all carriers up to carrier number 420 are turned off in HomePlug GREEN PHY.
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[bookmark: _Toc140330032][bookmark: _Toc314917973]Figure 3‑24: Spectral Occupancy of Set of HomePlug Carriers
[bookmark: _Ref114042680][bookmark: _Toc258242278]Amplitude Map
In addition to the Tone Mask, each carrier will obey its Amplitude Map. The Amplitude Map specifies a possible transmit power-reduction factor for each subcarrier. For example, if the Amplitude Map entry for a particular carrier is 0b0010, that carrier is transmitted at 4 dB less power than the normal PSD limit (-50 dBm / Hz for unmasked carriers for the North American spectral mask). Table 3‑24 defines the power reduction for each value of the Amplitude Map entry. Also, refer to Section 11.5.12. 
The Amplitude Map affects only the amplitudes of the corresponding unmasked carriers set by the Mapper and therefore does not in any way affect the encoding used for Frame Control, Payload, or ROBO symbols and/or the number of unmasked carriers. Carriers with an Amplitude Map entry of 0b1111, referring to “Off (No Signal),” are not considered or processed as masked by any element of the transmit chain, even though they have zero amplitude. The Amplitude Map is applied to all PHY waveforms, including the Preamble, PRS symbols, 1.0.1 Frame Control, AV Frame Control, and Payload Symbols. Power-reduction values shall be met with an accuracy of ±1 dB for AMDATA values from 0b0000 through 0b1010 and an accuracy of ±2 dB for AMDATA values from 0b1011 through 0b1110.
An Amplitude Map with no reduction in the transmit power on all used carriers (as defined in Tone Mask) shall be used as the default Amplitude Map in North America.
[bookmark: _Ref100484314][bookmark: _Toc140330033][bookmark: _Toc256456739][bookmark: _Toc256460710][bookmark: _Toc256461206][bookmark: _Toc314918109]Table 3‑24: Amplitude Map
	[bookmark: _Ref94987845][bookmark: _Ref94987847][bookmark: _Ref94987850][bookmark: _Toc95450265]AMDATA
	TX Power Reduction (dB)
	AMDATA
	TX Power Reduction (dB)

	0b0000
	0 (no reduction - default)
	0b1000
	16

	0b0001
	2
	0b1001
	18

	0b0010
	4
	0b1010
	20

	0b0011
	6
	0b1011
	22

	0b0100
	8
	0b1100
	24

	0b0101
	10
	0b1101
	26

	0b0110
	12
	0b1110
	28

	0b0111
	14
	0b1111
	Off (no signal)


[bookmark: _Ref114938548][bookmark: _Ref114938549][bookmark: _Toc258242279]Transmitter Electrical Specification
The following specification establishes the minimum transmitter technical requirements for interoperability. All transmitter electrical specification requirements are based on the Tone Mask defined in Table 3‑23. Unless otherwise stated, transmitter specifications assume a 50 Ohm load between line and neutral terminals. All transmitter output voltages and spurious transmissions are specified as the voltage measured at the line terminal with respect to the neutral terminal.
[bookmark: _Ref108177770][bookmark: _Toc258242280]Transmit Spectrum Mask
The metallic power spectral density shall be less than the upper bound shown in Figure 3‑25 and Table 3‑23, measured according to the following procedure.
[image: ]
[bookmark: _Ref72147494][bookmark: _Toc72419063][bookmark: _Toc76886388][bookmark: _Toc80528666][bookmark: _Toc81635328][bookmark: _Toc86059955][bookmark: _Toc87181618][bookmark: _Ref88984733][bookmark: _Toc93340215][bookmark: _Toc140330034][bookmark: _Toc314917974]Figure 3‑25: HomePlug GREEN PHY Transmit Spectrum Mask for North America
The transmitted power spectral density shall be below the limits specified. Measurements are made using equipment conforming to CISPR 16 specifications with a resolution bandwidth of 9 kHz and a quasi-peak detector. The transmitter shall be configured to transmit continuously. 
Measurement steps:
1. Set the input attenuation level to avoid overloading the spectrum analyzer front-end when subjected to the full bandwidth HomePlug signal.
2. Set the instrument to measure peak power in a 9 kHz resolution bandwidth (dBm/9 kHz.) and ensure the instrument is in linear display mode. Record the highest HomePlug GREEN PHY carrier in the band 1.8 MHz to 30 MHz.
3. Set the instrument to measure quasi-peak power in a 9 kHz resolution bandwidth (dBm/9 kHz.) Set the center frequency to the carrier frequency recorded in step 2. Set the span to 200 kHz. Record the maximum quasi-peak power.
4. Add 1.05 dB envelope detector correction factor to the maximum quasi-peak power.
5. Determine the spectrum analyzer’s equivalent noise power bandwidth for the 9 kHz filter by measuring the analyzer filter’s peak, 3 dB, 6 dB, and 20 dB points and forming a piecewise linear model of the filter. The equivalent noise power bandwidth is the bandwidth of a rectangular filter (brickwall filter) whose area equals that of the piecewise linear model.
6. Calculate the maximum power spectral density for the STA under test by taking the value obtained in step 4 and subtracting 10 log (equivalent noise power bandwidth/1 Hz).
Note: Actual equipment transmitter output levels may vary from the limits shown here to meet international, regional, or national regulatory requirements. The transmit spectrum mask defined here is an upper bound for compliance with the specification, and serves as guidance for designing the dynamic range of receivers.
[bookmark: _Toc258242281]Spurious Transmission
The transmitter shall conform with spurious emissions regulations in effect for the country in which this station is used.
[bookmark: _Toc258242282]Transmitter Accuracy
[bookmark: _Ref100482815][bookmark: _Toc258242283]PHY Clock Frequency Tolerance
The electrical clock signal used by each STA for its signal processing is called the STA Clock (STA_Clk). The STA_Clk frequency is not specified, but its tolerance shall be ±25 ppm maximum. Under fixed ambient temperature conditions, the STA_Clk frequency must lie in a 6 ppm band in any 30-second interval.
The OFDM symbol period and the period of each OFDM carrier shall contain the precise number of samples specified in Section 3.6, under all conditions (i.e., the sampling rate, carrier frequency, and OFDM symbol rate shall be locked relative to each other). The sampling rate used to specify the transmit signal (at 75 MHz, nominally [refer to Section 3.6]) is referred to as the PHY Clock (PhyClk).
The PhyClk of the CCo shall be derived from the CCo’s STA_Clk. All non-CCo STAs shall correct their PhyClk, as specified in Section 5.5.
[bookmark: _Toc258242284]Transmit Constellation Error
The relative constellation RMS error (defined below), averaged over subcarriers, OFDM Symbols, and blocks of OFDM Symbols shall not exceed the values indicated in Table 3‑25. The relative constellation RMS error shall be measured with all entries in the Amplitude Map set to 0b0000 (no power reduction - default).
[bookmark: _Ref96928706][bookmark: _Ref113080477][bookmark: _Toc140330035][bookmark: _Toc256456740][bookmark: _Toc256460711][bookmark: _Toc256461207][bookmark: _Toc314918110]Table 3‑25: RMS Transmit Constellation Error (TCE_RMS) Limits

	Constellation Type
	RMS Transmit Constellation Error Limit (dB)

	Frame Control 1.0.1
	 -10

	Frame Control AV
	 -10

	PPDU Data (ROBO AV modulation for GREEN PHY)
	 -10

	PPDU Data (all modulations for HomePlug AV)
	 -32


Transmit Constellation Error for GREEN PHY
The transmit constellation error for HomePlug GREEN PHY shall be as described in section 3.7.3.2 with the following exception (as noted in Table 3-25): for Constellation Type of PPDU Data (ROBO AV modulation) the RMS Transmit Constellation Error Limit shall be  -10 dB.
[bookmark: _Toc258242285]Transmit Modulation Accuracy Test
The transmit modulation accuracy test shall be performed by instrumentation that can digitize a transmitted analog signal at a sample rate of 75 MS/s or more, with sufficient accuracy in terms of amplitude, DC offset, and phase noise. One possible setup is to use a high-resolution digital oscilloscope to capture the transmitted waveform. The sampled signal shall be processed in a way similar to an actual receiver, according to steps defined in the following subsections.
For all measurements in the following subsections, the measuring apparatus shall estimate the frequency difference between the transmitter and its local clock, and shall remove the effects of this difference before calculation of the modulation accuracy and distortion quantities described below.
[bookmark: _Ref96936330]Transmit Modulation Frame Control 1.0.1 Accuracy Test
For this test, the transmitter must be in Hybrid Mode, so that a HomePlug 1.0.1 Frame Control (FC1.0.1) is present in the PPDU. To minimize the possibility of ISI affecting the measurements, all FFTs are taken at an offset (CP_OFFSET1.0.1) with respect to symbol boundaries. For this test, CP_OFFSET1.0.1=15. The following steps describe how to determine the Frame Control 1.0.1 RMS Constellation error from the digitized (75 MS/s) transmitted waveform:
1. Detect the start of PPDU i.
2. To obtain a reference vector for the coherently modulated OFDM Symbols, take a 384-FFT of the following four length 384 vectors and average the resulting 4 rectangular components for each subcarrier:
Vector 1: (last CP_OFFSET1.0.1 samples of 2nd full SYNCP symbol; first 384-CP_OFFSET1.0.1 samples of the 3rd full SYNCP) (first sample in vector is 960-CP_OFFSET1.0.1 samples from the start of the Preamble)
Vector 2: (last CP_OFFSET1.0.1 samples of 3rd full SYNCP symbol; first 384-CP_OFFSET1.0.1 samples of the 4th full SYNCP)
Vector 3: (last CP_OFFSET1.0.1 samples of 4th full SYNCP symbol; first 384-CP_OFFSET1.0.1 samples of the 5th full SYNCP)
Vector 4: (last CP_OFFSET1.0.1 samples of 5th full SYNCP symbol; first 384-CP_OFFSET1.0.1 samples of the 6th full SYNCP)
Denote the averaged vector as Ri,0,k, where i is the PPDU index, and k is the subcarrier index (subcarrier frequency = k•75 / 3072 MHz) to all information bearing carriers.
3. To obtain the transmit constellation for the four coherently modulated OFDM Symbols, for each length 246+384 extended symbol (for example FC1, defined in Figure 3‑19), first perform an FFT on the length 384 vector starting CP_OFFSET1.0.1 samples back from the symbol IFFT interval (first sample in vector is 246-CP_OFFSET1.0.1 samples from the start of each extended symbol). Denote each of these FFT outputs as Ri,1,k, Ri,2,k, Ri,3,k, and Ri,4,k.

Then de-rotate the subcarrier values according to the estimated reference vector obtained in 2 above by computing:


where CHP1.0 is the set of 76 unmasked subcarriers defined in the HomePlug 1.0.1 specification and CHP1.0-ES is defined in Section 3.6.1. The scaling factor is introduced to account for the different average power of the HomePlug 1.0.1 Frame Control relative to the Preamble average power, as in Table 3‑22.
4. The error between the transmitted and ideal constellation symbol is determined as the squared Euclidean distance between the two symbols (assuming that the ideal constellation symbol is that symbol from the original constellation with the smallest distance to the transmitted symbol).

If PFC101,TXi,j,c is the ideal complex constellation symbol corresponding to PFC101,RXi,j,c, the transmit constellation error is defined as:

 
5. Repeat steps 1 through 4 for all PPDUs.
6. Compute the RMS average for the HomePlug 1.0.1 Frame Control symbols as:


Note: The summation over the subcarriers should only include such carriers that are not masked. The test shall be performed over at least N_PPDUs = 10.
[bookmark: _Ref97013755]Transmit Modulation Frame Control and PPDU Data Accuracy Tests
For this test, all 3072-FFTs are taken at an offset (CP_OFFSETAV) with respect to symbol boundaries to minimize the possibility of ISI affecting the measurements. For this test, CP_OFFSETAV=384. As with HomePlug AV, the following steps describe how to determine the Frame Control RMS Constellation error from the digitized (75 MS/s) transmitted waveform:
1. Repeat steps 1 and 2 from Section 3.7.3.3.1 to create Ri,0,k.

Take the 384-FFT of an ideal SYNCP_AV as in Section 3.6.1 and apply a phase shift to compensate for the CP_OFFSET1.0.1 time shift in Ri,0,k. 



where CHP1.0-ES is defined in Section 3.6.1. 
Note: In the equation above and all following equations, “1j” refers to the square root of –1, whereas “j” by itself is used to signify the symbol index.
2. Compute the partial 384-FFT normalization factors for each subcarrier as:



4. To create the full 384-FFT normalization factors, H384i,0,k, stuff each masked carrier entry with that of the closest non-masked carrier. For example, if carrier 50 is masked and the closest unmasked carrier is carrier 52, then H384i,0,50 = H384,Partiali,0,52.
5. As H384 only provides channel state information for every 8th carrier when using 3072-FFT spacing, use linear interpolation on the rectangular components of H384 to convert the 384-FFT normalization factors into 3072-FFT normalization factors (H3072). 
6. To obtain the transmit constellation for the coherently modulated Frame Control symbol(s), for each symbol, first perform an FFT on the length 3072 vector starting CP_OFFSETAV=384 samples back from the beginning of the IFFT interval as in Figure 3-6 and Figure 3‑6: OFDM Symbol Timing
7. Table 3‑2. Denote these FFT outputs as RFCAVi,1,k and optionally RFCAVi,2,k. Then de-rotate the subcarrier values by computing:



where  is the vector of reference phases defined in Section 3.5.3.
8. The error between the transmitted and ideal constellation symbol is determined as the squared Euclidean distance between the two symbols (assuming that the ideal constellation symbol is that symbol from the original constellation with the smallest distance to the transmitted symbol).

If PFCAV,TXi,j,k is the ideal complex constellation symbol corresponding to PFCAV,RXi,j,k, then the transmit constellation error is defined as:


8. Construct a channel reference, RDatai,0,k for the PPDU payload symbol(s) from the Preamble and/or Frame Control Symbol(s). 
Note: This reference needs to take into account the fact that the FFT for the PPDU payload symbol(s) in the following steps is taken CP_OFFSETAV samples back from the beginning of the IFFT interval. 
9. To obtain the transmit constellation for the coherently modulated PPDU payload symbol(s), for each symbol, first perform an FFT on the length 3072 vector starting CP_OFFSETAV samples back from the beginning of the IFFT interval as in Figure 3-6 and Figure 3‑6: OFDM Symbol Timing
10. Table 3‑2. Denote these FFT outputs as RDatai,j,k. Then de-rotate the subcarrier values by computing the following (where  is the vector of reference phases defined in Section 3.5.3):


10. The error between the transmitted and ideal constellation symbol is determined as the squared Euclidean distance between the two symbols (assuming that the ideal constellation symbol is that symbol from the original constellation with the smallest distance to the transmitted symbol).

If PData,TXi,j,k is the ideal complex constellation symbol corresponding to PData,RXi,j,k, then the transmit constellation error is defined as:

 
11. Repeat steps 1 through 10 for all PPDUs.
12. Compute the RMS average for the Frame Control symbol(s) as:


where N_PPDUs is the number of Frame Control (FCAV) symbols per PPDU and CHPAV is the set of all unmasked carriers using 3072-FFT subcarrier spacing. The test shall be performed over at least N_PPDUs = 10.
13. Compute the RMS average for the PPDU payload symbols as:


where Nsymbols is the number of PPDU Payload symbols per PPDU. The test shall be performed for each modulation (all unmasked carriers running a single modulation type per test) over at least N_PPDUs = 10 with each PPDU having at least Nsymbols=10. 
[bookmark: _Ref114042995]Transmit Preamble Distortion Test
The RMS Transmit Preamble Distortion (TPD_RMS, defined in detail later in this subsection) averaged over subcarriers, Preamble SYNCP symbols, and PPDUs of OFDM Symbols, shall not exceed –10 dB. The RMS transmit Preamble distortion test shall be performed using the same instrumentation as used for the Transmit Modulation Accuracy Test (described in Section 3.7.3.3.2). The transmitted waveform shall be sampled and processed in a manner similar to an actual receiver, according to the following steps, or an equivalent procedure:
1. Detect the start of PPDU i. 
Note: For this test, the start of PPDU may have to be detected to within 0.15 of a sample or better to meet the required distortion limit.

2. Perform an FFT on the 7 full unshaped OFDM Symbols (6 SYNCPs and first SYNCM) of the Preamble to obtain subcarrier received values, resulting in the vectors Ri,1,k, Ri,2,k, Ri,3,k, Ri,4,k, Ri,5,k, Ri,6,k, and Ri,7,k, where i is the PPDU index, and k is the subcarrier index.
3. Normalize the amplitude of each element of the vectors obtained in b) to 1, thus obtaining


4. Ideally, the phases of the complex points in the vectors Pi,j,k should correspond to the phases given in Table 3‑21. Define the phase distortion in each Pi,j,k as: 


and


5. Repeat steps 1 through 4 for all PPDUs i=1, …, N_PPDUs.
6. Compute the RMS transmit phase distortion as:


Note: The summation over the subcarriers should only include such carriers that are not masked. The test shall be performed over at least 40 PPDUs (N_PPDUs40).
[bookmark: _Ref114043174]Transmit Priority Resolution Symbol Accuracy
The RMS Transmit PRS Waveform Distortion (TPRSD_RMS, defined in detail below) averaged over subcarriers and PRS symbols, shall not exceed –10 dB. The transmitter PRS waveform distortion test shall be performed using the same instrumentation as used for the Transmit Modulation Accuracy Test (described in Section 3.7.3.3.2). The transmitted waveform shall be sampled and processed in a manner similar to an actual receiver, according to the following steps or an equivalent procedure:
1. Detect the start of PRS waveform i.
Note: For this test, the start of the Preamble may have to be detected to within 0.15 of a sample or better, in order to meet the required distortion limit).
2. Perform an FFT on the 4 unshaped PRS symbols (middle 4 of the 6 full Priority Resolution Symbols) to obtain subcarrier received values, resulting in the vectors Ri,1,k, Ri,2,k, Ri,3,k, Ri,4,k, Ri,5,k, and Ri,6,k, where i is the PRS waveform index and k is the subcarrier index.
3. Normalize the amplitude of each element of the vectors obtained in b) to 1, thus obtaining:


Ideally, the phases of the complex points in the vectors Pi,j,k should correspond to the phases given in Table 3‑21, shifted by 180 degrees. Define the phase distortion in each Pi,j,k as: 


4. Repeat steps 1 through 3 for all PRS waveforms, i=1, …, NPRS.
5. Compute the RMS transmit phase distortion as:


Note: The summation over the subcarriers should only include such carriers that are not masked. The test shall be performed over at least 40 PRS waveforms (NPRS40).
[bookmark: _Ref94987887][bookmark: _Ref94987889][bookmark: _Ref94987891][bookmark: _Toc95450266][bookmark: _Toc258242286]Receiver Electrical Specification 
All receiver electrical specification requirements are based on the Tone Mask defined in Table 3‑23. Unless otherwise stated, all receive signals and interference are specified as the voltage measured at the line terminal with respect to the neutral terminal.
[bookmark: _Toc258242287]Receiver Sensitivity
All measurements in the following subsections shall be made at the M1 Interface using a minimum of 10000 PBs of data with a PPDU length such that a minimum of 20 OFDM Symbols are transmitted per PPDU.
[bookmark: _Toc258242288]Receiver Minimum Input Voltage
The received block error rate (one or more errors occurring within the PB) will not exceed 0.1% when an all 1024-QAM rate 16/21 waveform is received with a signal level of 35 mVrms, without any interfering signals or signal impairments. The received block error rate will not exceed 0.1% when a STD-ROBO mode waveform is received with a signal level of 0.7 mVrms, without any interfering signals or signal impairments. In the interest of efficient utilization of the channel common resource, implementers are encouraged to strive for lower minimum signal levels.
Receiver Minimum Input Voltage for GREEN PHY
For a station that only implements GREEN PHY, the received block error rate will not exceed 0.1% when a STD-ROBO mode waveform is received with a signal level of 0.7 mVrms, without any interfering signals or signal impairments. In the interest of efficient utilization of the channel common resource, implementers are encouraged to strive for lower minimum signal levels.
[bookmark: _Toc258242289]Receiver Maximum Input Voltage
The received block error rate (one or more errors occurring within the PB) will not exceed 0.1% when an all 1024-QAM rate 16/21 waveform is received with a signal level of 8 Volts peak-to-peak, without any interfering signals or signal impairments. 
Receiver Maximum Input Voltage for GREEN PHY
For a station that only implements GREEN PHY, the received block error rate (one or more errors occurring within the PB) will not exceed 0.1% with a signal level of 8 Volts peak-to-peak, without any interfering signals or signal impairments. 
[bookmark: _Toc258242290]Receiver Input Impedance
When not transmitting, the PHY shall present a minimum impedance of 40 Ohms in the band extending from 1.8 MHz to 30 MHz measured between line and neutral terminals. The PHY shall present a minimum impedance of 20 Ohms in the ranges from 100 kHz to 1.8 MHz and from 30 MHz to 50 MHz. 
[bookmark: _Toc258242291]Immunity to Narrowband Interference
The received PB error rate shall not exceed 1% when the desired waveform present at the receiver is corrupted by a constant sinusoidal interfering signal occupying any single frequency from 100 kHz to 30 MHz, producing a total signal-to-jammer power ratio of -25.0 dB at the receiver terminals. The level of the interfering signal shall be between 1.0 and 0.5 Vrms. Immunity shall be measured at the M1 Interface using a minimum of 10000 PBs of each of the PB520 and PB136 types.
[bookmark: _Ref114043268][bookmark: _Toc258242292]Physical Carrier Sense
A Physical Carrier Sense (PCS) mechanism shall be provided by the receiver through the detection of Priority Resolution Symbols and the detection of Preamble Symbols.
[bookmark: _Toc95450267][bookmark: _Ref108240387][bookmark: _Ref113090055][bookmark: _Ref142466675][bookmark: _Toc258242293]Detection of Priority Resolution Symbols
The receiver shall be able to detect the presence of Priority Resolution Symbols within a Priority Resolution Slot Time with a miss rate not exceeding 1% using the standard North American mask under the following conditions:
When the desired PRS waveform present at the receiver has a signal power of –35 dBm and is corrupted by Gaussian noise producing a total SNR of 2 dB at the receiver terminal. For this test, the average signal power and average noise power are measured from the time domain waveforms of each, adjusting for differences in occupied bandwidth between the two waveforms. Let the variable x(t) refer to the PRS time domain waveform present at the receiver before noise has been added, computed from the non-windowed portion of the waveform. Likewise, let the variable n(t) refer to the time domain AWGN waveform that will be added to s(t). Let BWSignal and BWNoise refer to the occupied bandwidth of x(t) and n(t), respectively. Then the SNR shall be computed as:



	Informative Text
For example, using the standard North American tone mask and a sampling rate of 75 MS/s, the 5.12 μs PRS symbols use 112 non-masked carriers. AWGN noise, also sampled at 75 MS/s, will occupy the entire bandwidth from DC to Nyquist (or equivalently 192 non-masked carriers). So the calculation should be performed as:





When the desired PRS waveform present at the receiver has a signal power of –35 dBm and is corrupted by a constant sinusoidal interfering signal occupying any single frequency from 100 kHz to 30 MHz, producing a total Signal-to-Jammer (SJR) power ratio of -25 dB at the receiver terminal. Again, let the variable x(t) refer to the Preamble time domain waveform present at the receiver before noise has been added. Let j(t) refer to the time domain waveform of the jammer. The SJR shall be measured as:


[bookmark: _Toc95450268][bookmark: _Ref110940236][bookmark: _Toc258242294]Detection of Preamble Symbols
The receiver shall be able to detect the presence of Preamble Symbols within a Slot Time with a miss rate not exceeding 1% using the standard North American mask under the following conditions:
When the desired Preamble Symbol waveform present at the receiver has a signal power of -35 dBm and is corrupted by Gaussian noise producing a total SNR of 2 dB at the receiver terminal. For this test, the average signal power and average noise power are measured from the time domain waveforms of each, adjusting for differences in occupied bandwidth between the two waveforms. Let the variable x(t) refer to the Preamble time domain waveform present at the receiver before noise has been added, computed from the non-windowed portion of the waveform. Likewise let the variable n(t) refer to the time domain AWGN waveform that will be added to s(t). Let BWSignal and BWNoise refer to the occupied bandwidth of x(t) and n(t) respectively. Then the SNR shall be computed as:



When the desired Preamble Symbol waveform present at the receiver has a signal power of –35 dBm and is corrupted by a constant sinusoidal interfering signal occupying any single frequency from 100 kHz to 30 MHz, producing a total SJR power ratio of -25 dB at the receiver terminal. Again, let the variable x(t) refer to the Preamble time domain waveform present at the receiver before noise has been added. Let j(t) refer to the time domain waveform of the jammer. The SJR shall be measured as:
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