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Introduction
This introduction is not part of IEEE P<designation>/D<draft_number>, Draft<opt_Trial-Use><Gde./Rec. Prac./Std.> for <Complete Title Matching PAR>.
<Select this text and type or paste introduction text>
Notice to users
Laws and regulations
Users of these documents should consult all applicable laws and regulations. Compliance with the provisions of this standard does not imply compliance to any applicable regulatory requirements. Implementers of the standard are responsible for observing or referring to the applicable regulatory requirements. IEEE does not, by the publication of its standards, intend to urge action that is not in compliance with applicable laws, and these documents may not be construed as doing so. 
Copyrights
This document is copyrighted by the IEEE. It is made available for a wide variety of both public and private uses. These include both use, by reference, in laws and regulations, and use in private self-regulation, standardization, and the promotion of engineering practices and methods. By making this document available for use and adoption by public authorities and private users, the IEEE does not waive any rights in copyright to this document.
Updating of IEEE documents
Users of IEEE standards should be aware that these documents may be superseded at any time by the issuance of new editions or may be amended from time to time through the issuance of amendments, corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the document together with any amendments, corrigenda, or errata then in effect. In order to determine whether a given document is the current edition and whether it has been amended through the issuance of amendments, corrigenda, or errata, visit the IEEE Standards Association web site at http://ieeexplore.ieee.org/xpl/standards.jsp, or contact the IEEE at the address listed previously.
For more information about the IEEE Standards Association or the IEEE standards development process, visit the IEEE-SA web site at http://standards.ieee.org.
Errata
Errata, if any, for this and all other standards can be accessed at the following URL: 
http://standards.ieee.org/findstds/errata/index.html. Users are encouraged to check this URL for errata periodically.
Interpretations
Current interpretations can be accessed at the following URL: http://standards.ieee.org/findstds/interps/index.html.
Patents
[If the IEEE has not received letters of assurance prior to the time of publication, the following notice shall appear:]
Attention is called to the possibility that implementation of this<opt_trial-use><gde./rec. prac./std.> may require use of subject matter covered by patent rights. By publication of this<opt_trial-use><gde./rec. prac./std.>, no position is taken with respect to the existence or validity of any patent rights in connection therewith. The IEEE is not responsible for identifying Essential Patent Claims for which a license may be required, for conducting inquiries into the legal validity or scope of Patents Claims or determining whether any licensing terms or conditions provided in connection with submission of a Letter of Assurance, if any, or in any licensing agreements are reasonable or non-discriminatory. Users of this<opt_trial-use><gde./rec. prac./std.> are expressly advised that determination of the validity of any patent rights, and the risk of infringement of such rights, is entirely their own responsibility. Further information may be obtained from the IEEE Standards Association.
[The following notice shall appear when the IEEE receives assurance from a known patent holder or patent applicant prior to the time of publication that a license will be made available to all applicants either without compensation or under reasonable rates, terms, and conditions that are demonstrably free of any unfair discrimination.]
Attention is called to the possibility that implementation of this<opt_trial-use><gde./rec. prac./std.> may require use of subject matter covered by patent rights. By publication of this<opt_trial-use><gde./rec. prac./std.>, no position is taken with respect to the existence or validity of any patent rights in connection therewith. A patent holder or patent applicant has filed a statement of assurance that it will grant licenses under these rights without compensation or under reasonable rates, with reasonable terms and conditions that are demonstrably free of any unfair discrimination to applicants desiring to obtain such licenses. Other Essential Patent Claims may exist for which a statement of assurance has not been received. The IEEE is not responsible for identifying Essential Patent Claims for which a license may be required, for conducting inquiries into the legal validity or scope of Patents Claims, or determining whether any licensing terms or conditions provided in connection with submission of a Letter of Assurance, if any, or in any licensing agreements are reasonable or non-discriminatory. Users of this<opt_trial-use><gde./rec. prac./std.> are expressly advised that determination of the validity of any patent rights, and the risk of infringement of such rights, is entirely their own responsibility. Further information may be obtained from the IEEE Standards Association.
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Draft<opt_Trial-Use><Gde./Rec. Prac./Std.> for <Complete Title Matching PAR>
IMPORTANT NOTICE: This standard is not intended to ensure safety, security, health, or environmental protection. Implementers of the standard are responsible for determining appropriate safety, security, environmental, and health practices or regulatory requirements.
This IEEE document is made available for use subject to important notices and legal disclaimers. 
These notices and disclaimers appear in all publications containing this document and may 
be found under the heading “Important Notice” or “Important Notices and Disclaimers 
Concerning IEEE Documents.” They can also be obtained on request from IEEE or viewed at http://standards.ieee.org/IPR/disclaimers.html.
Overview
Scope
Purpose

Normative references
The following referenced documents are indispensable for the application of this document (i.e., they must be understood and used, so each referenced document is cited in text and its relationship to this document is explained). For dated references, only the edition cited applies. For undated references, the latest edition of the referenced document (including any amendments or corrigenda) applies.

ooo
ooo
ooo
ooo
ooo
General PHY requirements
FSK PHY specification
Insert the following item at the end of the second list in 8.1:
· LECIM FSK PHY: a multi-regional, frequency shift keying PHY operating at over-the-air data rates in support of LECIM applications
Operating frequency range
Insert the following new rows at the end of table 66
	PHY
(MHz)
	Frequency band
(MHz)
	Spreading Parameters
	Data parameters

	
	
	Chip rate
(kchip/s)
	Modulation
	Bit rate
(kb/s)
	Symbol rate
(ksymbols/s)
	Symbols

	863
	863-870
	---
	GFSK/FSK
	25
	25
	Binary

	
	
	---
	FSK
	12.5
(downlink only)
	12.5
(downlink only)
	Binary

	915
	902-928
	---
	GFSK/FSK
	37.5
	37.5 
	Binary

	
	
	---
	GFSK/FSK
	25
	25
	Binary

	
	
	---
	FSK
	12.5
(Downlink only)
	12.5
(Downlink only)
	Binary

	917
	917-923.5
	---
	GFSK/FSK
	37.5
	37.5 
	Binary

	
	
	---
	GFSK/FSK
	25
	25
	Binary

	
	
	---
	FSK
	12.5
(Downlink only)
	12.5
(Downlink only)
	Binary

	920
	920-928
	---
	GFSK/FSK
	37.5
	37.5 
	Binary

	
	
	---
	GFSK/FSK
	25
	25
	Binary

	
	
	---
	FSK
	12.5
(Downlink only)
	12.5
(Downlink only)
	Binary

	2450
	2400-2483.5
	---
	GFSK/FSK
	37.5
	37.5 
	Binary

	
	
	---
	GFSK/FSK
	25
	25
	Binary

	
	
	---
	FSK
	12.5
(Downlink only)
	12.5
(Downlink only)
	Binary



Channel Assignments
<REVISIT> LECIM channel assignments match those used for the SUN PHY MR-FSK mode channel assignments. (Can this reference section 16? or do we want a separate channel page for LECIM?)

Table 1 - Total number of channels and first channel center frequencies for LECIM FSK PHYs
	Frequency Band   (MHz)
	Modulation
(Uplink/Downlink)
	ChanSpacing        (MHz)
	TotalNumChan
	ChanCenterFreq0 (MHz)

	863-870
	 GFSK/FSK
	0.1
	69
	863.075

	902-928
	
	0.2
	129
	902.2

	917-923.5
	
	
	32
	917.1

	920.5- 923.5
	
	
	15
	920.6

	2400-2483.5
	
	
	416
	2400.2



PHY services
PHY constants
	Constant
	Description
	Value

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	




PHY PIB attributes
	Attribute
	Type
	Valid Range
	Description

	phyLECIMFSKPreambleLength
	Integer
	1-4
	The number of 1-octet paterns (see 17.1.1.1) in the preamble.

This value is only valid for the LECIM FSK PHY

	phyLECIMFSKPSDUMod
	Boolean
	TRUE or FALSE
	When TRUE, P-GFSK/P-FSK is enabled for the PSDU. 
When FALSE, GFSK/FSK modulation is enabled for the PSDU.

	phyLECIMFSKSpreading
	Boolean
	TRUE or FALSE
	When TRUE, spreading is enabled. 
When FALSE, spreading is disabled.

	phyLECIMFSKSpreadingFactor
	Integer
	1,2,4,8,16
	The spreading factor to be used when phyLECIMFSKSpreading is TRUE.

	phyLECIMFSKScramblePSDU
	Boolean
	TRUE or FALSE
	A value of FALSE indicates that data whitening of the PSDU is disabled. A value of TRUE indicates that data whitening of the PSDU is enabled.
This value is only valid for the LECIM FSK PHY.

	
	
	
	



ooo
ooo
ooo
ooo
ooo
ooo
   15.4g PHYs
LECIM PHYs
FSK PHY specification
The frequency shift keying PHY is described in the following subclauses.
[bookmark: _Ref310253246]PPDU format for FSK
The FSK PPDU shall support the format shown in Figure 1.
The synchronization header (SHR), PHY header (PHR), and PHY payload components are treated as bit strings of length n, numbered b0 on the left and bn-1 on the right. When transmitted, they are processed b0 first to bn-1 last, without regard to their content or structure.
All reserved fields shall be set to zero upon transmission and shall be ignored upon reception.


	
	
	Octets

	
	
	N
	variable

	Preamble
	SFD
	As defined in 16.x.x.x
	PSDU

	SHR
	PHR
	PHY Payload


[bookmark: _Ref310251293]Figure 1 - Format of the FSK PPDU

Preamble Field
The Preamble field shall contain phyLECIMFSKPreambleLength (as defined in 9.3) multiples of the 8-bit sequence “01010101”.
SFD
The SFD for FSK shall be a 2-octet sequence selected from the list of values shown in Table 1.
 The SFD is transmitted starting from the leftmost bit (i.e., starting with b0).
[bookmark: _Ref310253108][bookmark: _Ref310253103]Table 2 - SFD Values
	TBD
	
	

	
	
	



PHR
The format of the PHR is shown in Figure 2. All multi-bit fields are unsigned integers and shall be processed MSB first.
	TBD
	
	
	

	
	
	
	


[bookmark: _Ref310253188]Figure 2 - PHR

PSDU Field
The PSDU field carries the data of the PPDU.
Modulation and coding for FSK
(Note: Address data rate as not dynamically switching.)
The modulation for the FSK PHY shall be FSK/GFSK and P-FSK/P-GFSK. 
Table xxx shows the modulation and channel parameters for the standard-defined PHY operating modes for the 863 MHz, 915 MHz, 917 MHz, 920 MHz, and 2450 MHz bands.

[bookmark: _Ref310247581]Table 3 - FSK modulation and channel parameters*
	Frequency band
(MHz)
	Parameter
	37.5 kbps
	25 kbps
	12.5 kbps

	863-870
(Europe)
	Uplink Modulation
	Not supported
	GFSK/P-GFSK
	Not supported

	
	Downlink Modulation
	Not supported
	FSK/P-FSK
	FSK

	
	Modulation Index
	0.5
	1.0
	4.0

	
	Channel Spacing (kHz)
	100
	100
	100

	902-928
(US ISM)
	Uplink Modulation
	GFSK/P-GFSK
	GFSK/P-GFSK
	Not supported

	
	Downlink Modulation
	FSK/P-FSK
	FSK/P-FSK
	FSK

	
	Modulation Index
	0.5
	1.0
	4.0

	
	Channel Spacing (kHz)
	200
	200
	200

	
	
	
	
	

	917-923.5
(Korea)
	Uplink Modulation
	GFSK/P-GFSK
	GFSK/P-GFSK
	Not supported

	
	Downlink Modulation
	FSK/P-FSK
	FSK/P-FSK
	FSK

	
	Modulation Index
	0.5
	1.0
	4.0

	
	Channel Spacing (kHz)
	200
	200
	200

	920-928
(Japan)
	Uplink Modulation
	GFSK/P-GFSK
	GFSK/P-GFSK
	Not supported

	
	Downlink Modulation
	FSK/P-FSK
	FSK/P-FSK
	FSK

	
	Modulation Index
	0.5
	1.0
	4.0

	
	Channel Spacing (kHz)
	200
	200
	200

	2400-2483.5
(Worldwide)
	Uplink Modulation
	GFSK/P-GFSK
	GFSK/P-GFSK
	Not supported

	
	Downlink Modulation
	FSK/P-FSK
	FSK/P-FSK
	FSK

	
	Modulation Index
	0.5
	1.0
	4.0

	
	Channel Spacing (kHz)
	200
	200
	200


*Data rates shown are over-the-air data rates (the data rate transmitted over the air regardless whether the FEC is enabled or not).

Table 4 - FSK symbol duration used for MAC and PHY timing parameters
	Frequency Band (MHz)
	FSK symbol timing used for MAC and PHY timing parameters (µs)

	863-870  (Europe)
	40

	902-928  (US ISM)
	26.67

	917-923.5 (Korea)
	26.67

	920-928 (Japan)
	26.67

	2400-2483.5 (Worldwide)
	26.67



The use of P-FSK/P-GFSK modulation for PSDU data is controlled by PIB attribute phyLECIMFSKPSDUMod. When phyLECIMFSKPSDUMod is oneTRUE, P-FSK/P-GFSK modulation is applied to PSDU data. The modulation for preamble, SFD and PHR shall be FSK/GFSK regardless of phyLECIMFSKPSDUMod.
FSK/GFSK encodes one bit by transmitting a frequency modulated signal  with duration , i.e.,  . P-FSK/P-GFSK encodes two bits by transmitting a FSK/GFSK modulated signal  with  duration in one of two possible positions (also known as time deviation), i.e.,  and .
Reference modulator diagram
The functional block diagram in Figure 3 is provided as a reference for specifying the FSK PHY data flow processing functions. The subclause number in each block refers to the subclause that describes that function. Each bit shall be processed using the bit order rules defined in 17.1.1.
When FEC is enabled, the PHR and PSDU shall be processed for coding as a single block of data (see 17.1.2.4). When data whitening is enabled, the scrambling shall be only applied over the PSDU (see 17.1.3). When spreading is enabled, the spreading shall be applied over PHR and PSDU (see 17.1.2.6).
All fields in the PPDU shall use the same symbol rate and modulation order, unless otherwise specified elsewhere in this standard.
[image: ][image: ]
[bookmark: _Ref310253899][bookmark: _Ref310253895]Figure 3 - FSK reference modulator diagram




Bit-to-symbol mapping
The nominal frequency deviation, ∆f, shall be


The symbol encoding for FSK/GFSK and P-FSK/GFSK modulation is shown in Table 4 and Table 5, where the maximum frequency deviation, fdev is equal to ∆f.
[bookmark: _Ref310234356]Table 5 – FSK/GFSK symbol encoding
	Symbol ()
	Frequency deviation
	Time deviation

	0
	
	0

	1
	
	0




[bookmark: _Ref310234367]Table 6 – P-FSK/P-GFSK symbol encoding
	Symbol 
	Frequency deviation
	Time deviation 

	00
	
	0

	01
	
	

	10
	
	0

	11
	
	



Modulation quality
Modulation quality shall be measured by observing the frequency deviation tolerance and the zero crossing tolerance of the eye diagram caused by a PN9 sequence of length 511 bits. 
Frequency deviation tolerance
Modulation frequency tolerance is measured as a percentage of the frequency deviation, fdev, dictated by the modulation index. The measured frequency deviation, f, at Ts/2 shall be constrained to the range 70% fdev < |f| < 130% fdev, as shown in Figure 4 Eye diagram for FSK, where Ts is the symbol time. 


[image: ]
[bookmark: _Ref310251240][bookmark: _Ref310251230]Figure 4 Eye diagram for FSK
Zero crossing tolerance
The excursions for the zero crossings for all trajectories of the eye diagram shall be constrained to within ±12.5% of the symbol time Ts, as shown in Figure 4.
[bookmark: _Ref310253290]Forward error correction 
The FSK PHY shall perform FEC as defined in 16.1.2.4. <REVIEW: Refers to 15.4g PHY specification, is that alright?>
Code-symbol interleaving
The FSK PHY shall perform interleaving as defined in 16.1.2.5. <REVIEW: Refers to 15.4g PHY specification, is that alright?>
Spreading
The use of spreading is controlled by PIB attribute phyLECIMFSKSpreading. When phyLECIMFSKSpreading is one TRUE, spreading is enabled. The spreading factor (SF) can be 1, 2, 4, 8, or 16. The variable spreading factor is indicated by PIB attribute phyLECIMFSKSpreadingFactor. 
For spreading, a single input bit  is mapped into the spreading bits .as shown in Figure 5 and its mapping is represented in Table 6.
[image: ]
[bookmark: _Ref309911795]Figure 5 - Spreading function

[bookmark: _Ref309912765]Table 7 - Input bit to spreading bits mapping
	
	Input bit
 = 0
	Input bit
 = 1

	SF = 1
	 = 0
	 = 1

	SF = 2
	 = 01
	 = 10

	SF = 4
	 = 0101
	 = 1010

	SF = 8
	 = 01010101
	 = 10101010

	SF = 16
	 = 0101010101010101
	 = 1010101010101010




[bookmark: _Ref310253270]Data whitening for FSK
The FSK PHY shall perform data whitening as defined in 16.1.3. The use of data whitening is controlled by PIB attribute phyLECIMFSKScramblePSDU. When phyLECIMFSKScramblePSDU is oneTRUE, data whitening of the PDSU is enabled.  
The use of data whitening is controlled by PIB attribute phyLECIMFSKScramblePSDU. When phyLECIMFSKScramblePSDU is one, data whitening of the PSDU is enabled and data whitening shall be the exclusive OR (XOR) of the PSDU data with the PN9 sequence, as described by the following equation: 

where
             is the whitened bit
             is the data bit being whitened 
         is the PN9 sequence bit
For each packet transmitted with data whitening enabled,  is the first bit of the PSDU and the index  increments for subsequent bits of the PSDU. 
The receiver decodes the scrambled data in the following way:

where
              is the PSDU bit after de-whitening 
            is the PSDU bit at the output of the demodulator
The PN generator is defined by the schematic in Figure 6.
[image: ]
[bookmark: _Ref310234876]Figure 6 – Schematic of the PN9 sequence generator

The seed in the PN9 generator shall be all ones: “111111111.” The PN9 generator shall be reinitialized to the seed after each packet (either transmit or receive).
The PN9 generator is clocked starting from the seed and enabled after the first clock cycle. For example, the first 30 bits out of the PN9 generator, once it is enabled, would be as follows:



FSK PHY RF Requirements
Operating Frequency Range
The FSK PHY operates in the bands given in Table 2 - FSK modulation and channel parameters*
Regulatory compliance
It is the responsibility of the implementer to verify and ensure that the device is in compliance with all regulatory requirements in the geographic region where the device is deployed or sold. Conformance with this standard does not guarantee compliance with the relevant regulatory requirements which may apply.
Radio frequency tolerance
The single-sided clock frequency tolerance T at the transmitter, in ppm, shall be as follows:

for all combinations of R, h, and F and for each mode supported by the device, where
R is the symbol rate in ksymbol/s
h is the modulation index
F is the carrier frequency in MHz
R0 is 37.5 ksymbol/s
h0 is 1
F0 is 915 MHz
T0 is 30 ppm for modes in all bands, except at 2450 MHz for which the value of T0 is 40 ppm
Channel switch time
Channel switch time shall be less than or equal to 500 μs. The channel switch time is defined as the time elapsed when changing to a new channel, including any required settling time.
Transmitter symbol rate
The transmitter symbol rate tolerance shall be less than or equal to ±300 ppm. The peak transmitter symbol rate jitter shall be less than or equal to ±40 ppm. Transmitted packets shall have symbol rates within the specified symbol rate tolerance, and all symbols within the packet shall be within the symbol rate tolerance relative to the average symbol rate of all the symbols in the packet. The symbol rate jitter is measured as the standard deviation of bit edges from the nominal bit edge position for the symbol rate used by the transmitter. <REVIEW>
Transmit spectral mask <REVIEW>
The transmit spectral content is the ratio of the total transmitted out-of-channel power to the total transmitted in-channel power in a given integration bandwidth.
The integration bandwidth shall be equal to 1.5 x R, where R is the symbol rate, expressed in units of hertz.
Out-of-channel power shall be measured at two offset frequencies relative to the carrier frequency. The offset frequencies M1 and M2 are defined as follows:
M1 = 1.5 x R x (1 + h)
M2 = 3 x R x (1 + h)
where h is the modulation index for 2-level modulation.
The transmit spectral content at M1 and M2 shall be less than –25 dB and –35 dB, respectively.
The modulated signal shall use a PN data pattern of 511 bits or longer.
The spectrum analyzer settings for this measurement shall be as follows: the resolution bandwidth is 1 kHz, the video bandwidth is 1 kHz or greater, and the detector is RMS.
Receiver sensitivity
The FSK receiver sensitivity shall be better than S, where S, for binary modulation, is defined as follows:

where
S0 is –91 dBm without FEC and –97 dBm with FEC <REVIEW limits, should they be lower?>
R0 is 37.5 kb/s
R is the bit rate in kb/s

See 8.1.7 for additional information on receiver sensitivity.
Receiver interference rejection
The adjacent designated channels are those on either side of the desired designated channel that are closest in frequency to the desired designated channel. The alternate designated channel is more than one removed from the desired designated channel in the operational frequency band.
The adjacent channel rejection shall be measured as follows: the desired signal shall be a compliant FSK PHY signal, as defined in 16.1.2, of pseudo-random data at the center frequency of the desired channel. The desired signal is input to the receiver at a level 3 dB above the receiver sensitivity given in 16.1.4.7.
In either the adjacent or the alternate channel, an unmodulated carrier in the center of that channel is input at the following level relative to the level of the desired signal:
— The adjacent channel rejection shall be greater than or equal to 10 dB.
— The alternate channel rejection shall be greater than or equal to 30 dB.

The test shall be performed for only one interfering signal at a time. The receiver shall meet the error rate criteria defined in 8.1.7 under these conditions.
Tx-to-Rx turnaround time
The FSK PHY shall meet the requirements for TX-to-RX turnaround time as defined in 8.2.1.
Rx-to-Tx turnaround time
The FSK PHY shall meet the requirements for RX-to-TX turnaround time as defined in 8.2.2.
Transmit power
A transmitter shall be capable of transmitting at least –3 dBm. Devices should transmit lower power when possible in order to reduce interference to other devices and systems. <REVIEW power level, should it be higher?>
The maximum transmit power is limited by local regulatory bodies.
Receiver maximum input level of desired signal
FSK PHY shall have a receiver maximum input level greater than or equal to –40 dBm using the measurement defined in 8.2.4
Receiver ED
The FSK PHY shall provide the receiver ED measurement as described in 8.2.5.
Link quality indicator
The FSK PHY shall provide the LQI measurement as described in 8.2.6.
Clear channel assessment (CCA)
The FSK PHY shall use the one of the CCA methods as described in 8.2.7.
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