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1. [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Introduction 
In RAN1#91, the following agreements were made on sub-PRB transmissions:
· For Sub-PRB allocation, only the following are supported: 
· 6 subcarriers with SC-FDMA QPSK modulation, at least for CE Mode A
· FFS: CE Mode B
· 3 subcarriers with SC-FDMA QPSK modulation
· 3 subcarriers with SC-FDMA Pi/2 BPSK modulation 
· The Pi/2 rotation is performed across SC-FDMA symbols
· Use only 2 adjacent subcarriers out of the 3 allocated subcarriers with DFT-spread of length 2
· FFS: which 2 subcarriers out of the 3 allocated subcarriers are used
· Working assumption: The 2 used subcarriers shall be fixed per cell in specification
· FFS: semi-statically configured 
· FFS: Frequency hopping case
· When the Sub-PRB feature is used,
· Mapping one TB to 1 RU shall be supported at least for CE Mode A
· Mapping one TB to a maximum of [FFS:2 or 4] resource units (RUs) shall be supported
· Sub-PRB allocation shall support a maximum TBS of 1000 bits for CE Mode A and 936 bits for CE Mode B
· Maximum TBS within a single RU is FFS
· UCI Piggybacking on PUSCH with sub-PRB allocation is not supported.
· FFS: which UL channel is dropped

In RAN1#92, the following agreements were made:
DMRS transmission
· For a 2 of 3 sub-carrier pi/2 BPSK transmission, the SC-FDMA symbols over which the DMRS is mapped shall provide a PAPR that is roughly the same as the PAPR of the SC-FDMA symbols not carrying DMRS.
· Cross-correlation properties for the DM-RS need to be considered.
· Note that Alt. 1 and Alt. 2 may or may not meet the above requirement
· Alt. 1: Each DMRS symbol is length-2 BPSK with DFT-S-OFDM
· Alt. 1: is the same modulation as data 
· Alt. 2: Each DMRS symbol is mapped to three sub-carriers
· Other alternative(s) are not precluded
· The DMRS sequence and DMRS RE mapping are the same as the NB-IOT DMRS design for 3 and 6 sub-carrier QPSK transmissions.
· The above is not applied to DMRS for 2 of 3 sub-carrier pi/2 BPSK transmision
· For all sub-PRB transmissions, the DMRS is transmitted in the fourth SC-FDMA symbol of the slot


Others
· For 2 of 3 subcarriers pi/2 BPSK option, average the phase advancement across the cyclic prefix between the two tones and use this averaged phase advancement for pi/2 phase rotation
· This can be revisited if RAN4 identifies any issues
· For the 2 Sub-Carrier Pi/2 BSPK modulation, the pi/2 rotation algorithm is the same as NB-IOT pi/2 BPSK where the pi/2 rotation is not a function of the sub-carrier index.
· Frequency hopping of PRB between 2 narrowbands for sub-PRB allocation is the same as legacy. Sub-carrier locations in the PRB are the same within both narrowbands

Sub-PRB Allocations
· [bookmark: _Hlk507503937]For 6 sub-carriers QPSK allocations, 2 non-overlapping allocations per PRB, i.e., {0, 1, 2, 3, 4, 5} and {6, 7, 8, 9, 10, 11}, will be defined
· For 3 sub-carrier QPSK allocations and 2 of 3 sub-carrier pi/2 BSPK allocations, 4 non-overlapping allocations per PRB, i.e., {0, 1, 2}, {3, 4, 5}, {6, 7, 8} and{9, 10, 11}, will be defined
· FFS: Which of the above sub-PRB allocations are granted by DCI 
· The location of the 2-of-3 subcarriers within the 3 subcarrier allocation is cell-specific 
· Use the Physical Cell ID along with a Modulo 2 operation to determine which 2 of 3 subcarriers will be used
· This can be revisited if RAN4 identifies any issues
· The 2 used subcarriers shall be fixed per cell in specification
· 6 subcarriers with SC-FDMA QPSK modulation is supported in CE mode B

Mapping to RU
· RU Size of 6 sub-carriers QPSK option = 2 ms
· RU Size of 3 sub-carriers QPSK option = 4 ms
· 4 RVs will be used for sub-PRB transmission
· The candidates for FDD are Proposal #1, #2 and #4 for CE mode A and Proposal#1, #2, and #3 for CE mode B and down-select the candidates at RAN1#92bis
· Proposal #1:RU Size of 2 of 3 sub-carriers pi/2 BPSK option = 8 ms
· Proposal #2:RU Size of 2 of 3 sub-carriers pi/2 BPSK option = 6 ms
· Proposal #3:RU Size of 2 of 3 sub-carriers pi/2 BPSK option = 16 ms. 
· Proposal #4:RU Size of 2 of 3 sub-carriers pi/2 BPSK option = 4 ms
FFS whether the above can be reused for TDD or not 
· A maximum of 4 resource units (RUs) is supported in CE Mode A


PUSCH RE mapping
The RE mapping of sub-PRB within an RU over PUSCH is performed first within a sub-frame then across sub-frames
· Within a subframe, RE mapping is the same as legacy PUSCH.

This document considers issues of DMRS transmission, RU size / number of RUs and EDT transmission of sub-PRB PUSCH.
2. DMRS transmission
In designing the DMRS for the pi/2 BPSK 2-tone transmissions, RAN1 should be guided by the following principles:
· “the SC-FDMA symbols over which the DMRS is mapped shall provide a PAPR that is roughly the same as the PAPR of the SC-FDMA symbols not carrying DMRS”: agreed at RAN1#92 Athens
· DMRS should allow for efficient channel estimation of the 2-tone signal
· DMRS should aim to re-use RAN1 specifications
· Cross-correlation properties for the DM-RS need to be considered: agreed at RAN1#92 Athens
The following alternatives were identified for DMRS modulation and mapping:
· Alt. 1: Each DMRS symbol is length-2 BPSK with DFT-S-OFDM
· Alt. 1: is the same modulation as data 
· Alt. 2: Each DMRS symbol is mapped to three sub-carriers
· Other alternative(s) are not precluded

A low PAPR can be achieved by using a similar transmit chain to that of the data-modulated 2-tone signal (i.e. Alt 1 above). The alternative approach of DMRS being mapped to three sub-carriers produces a waveform comprised of more subcarriers than the 2-of-3 mapping applied to the data and hence has higher PAPR than the SC-FDMA symbols carrying the data. Hence Alt. 2 does not achieve the objective of having roughly the same PAPR as that of the SC-FDMA symbols not carrying data. Hence Alt. 1 is preferred. 
The proposed Alt. 1 mapping of DMRS symbols to subcarriers is shown in Figure 1. Application of the same DFT-spreading (as with the data symbols) ensures a similar PAPR to the data symbols. The transmit chain for the data symbols and DMRS would then look like that shown in Figure 1. The DFT-s-OFDM function produces the 2-tone multi-carrier signal consisting of time multiplexed data symbols and DMRS symbols.
BPSK modulation
DMRS generator
repeat
DFT-s-OFDM
CP addition
Pi/2 rotate
to RF
Switch / time mux

[bookmark: _Ref506585555]Figure 1 - 2-tone sub-PRB transmit chain for data and DMRS

Proposal 1: The pi/2 BPSK DMRS modulation symbols are time-multiplexed with the pi/2 BPSK modulation symbols before common transmitter processing is applied.
In order to make maximum re-use of existing RAN1 specifications, the NB-IoT pi/2 single tone DMRS sequence can be used for efeMTC. To create a 2-tone DMRS sequence from the single-tone NB-IoT sequence, the NB-IoT DMRS modulation symbols can simply be repeated in the other modulation symbol. 
Instead of repetition prior to DFT-s-OFDM spreading, use of a cell-specific transform function can help to reduce cross-correlation between the DMRS of different cells. For example, transform functions of [1,1] (repetition) can be applied to one cell and [1,-1] can be applied to a different cell.
Proposal 2: The efeMTC DMRS is formed from either a frequency-domain repetition or a transformation of the NB-IoT DMRS pi/2 BPSK modulation symbols.

3. RU Size, Number of RU
The supported formats for sub-PRB transmission in CE Modes A and B are summarised in Table 1 (based on the agreements in previous meetings detailed in section 1). This subsection aims to resolve the FFS values in this table.
[bookmark: _Ref510812457]Table 1 – Supported sub-PRB transmission formats as of RAN1#92
	CE mode
	Max TBS
	Max RVs
	RU size for 6SC
	RU size for 3SC
	RU size for 2-of-3 SC
	Number of RU mapped to

	A
	1000
	4
	2ms
	4ms
	FFS [4,6,8]
	1, 4

	B
	936
	4
	2ms
	4ms
	FFS [6,8,16]ms
	[FFS:1], [FFS: 2or 4]



The BPSK coding rates for the CE Mode B formats in Table 1 are listed in Table 2 when the maximum transport block size of 936 bits is applied and 4RV are used.
[bookmark: _Ref510813580]Table 2 – Code rates for potential combinations of RU size and number of RU for TBS = 936 in CE Mode B
	RU size / ms
	Number of RU
	BPSK code rate

	6
	2
	0.837

	6
	4
	0.418

	8
	2
	0.628

	8
	4
	0.314

	16
	2
	0.314

	16
	4
	0.157



The BPSK code rate should be close to 1/3. Coding rates higher than 1/3 are less power efficient due to lower coding gains. Coding rates lower than 1/3 are associated with formats that are less flexible in terms of resource allocation granularity. The realistic candidate formats (with a code rate close to 1/3 are shown highlighted in Table 2.
The RU is the smallest unit over which a transport block can be mapped [2]. In order to allow the smallest transport blocks to be efficiently mapped, a smaller RU size is preferable. 
Hence balancing the need for provision of a low code rate for the largest transport block sizes and to efficiently map small transport blocks, our preference is to support an RU size of 8ms for CE Mode B and to be able to map a transport block to a maximum of 4 RUs. In order to support small transport block sizes in CE Mode B, it should also be possible to map the sub-PRB PUSCH to a single RU.
Proposal 3: In CE Mode B, for 2-of-3 subcarrier transmission:
· RU size = 8ms
· Transport block can be mapped to a maximum of 4RU.
· Transport block can be mapped to 1RU  
Although additional RU sizes and number of RUs could be supported, we do not passionately feel that these are necessary.
In a typical deployment, more UEs are in CE mode A than in CE mode B. It is hence as important to support efficient sub-PRB transmission in CE Mode A as it is in CE Mode B. Hence it is proposed CE mode A also supports an RU size of 8ms (mapping to 4RU is already supported in CE Mode A). Commonality between the RU configurations for CE Modes A and B also simplifies specification and implementation.
Proposal 4: In CE Mode A, for 2-of-3 subcarrier transmission:
· RU size = 8ms
In summary, the complete set of maximum TBS, RU sizes and number of RUs that we propose are as shown in Table 3.
[bookmark: _Ref510818200]Table 3 – Proposed suite of supported sub-PRB transmission formats
	CE mode
	Max TBS
	Max RVs
	RU size for 6SC
	RU size for 3SC
	RU size for 2-of-3 SC
	Number of RU mapped to

	A
	1000
	4
	2ms
	4ms
	8ms
	1, 4

	B
	936
	4
	2ms
	4ms
	8ms
	1,4



4. Sub-PRB Transmission in Msg3
EDT supports data transmission in Message 3 with a goal of reducing latency. The reduced amount of signalling with EDT also improves spectral efficiency. Given that a sizeable amount of data can be transmitted on Message 3 in EDT, it is beneficial if that data can be transmitted in the power and spectrally efficient manner that sub-PRB transmission affords. Hence we make the following proposal:
Proposal 5: Message-3 supports sub-PRB transmission.  
An eNodeB scheduling EDT in Msg3 may not know whether the UE will transmit a legacy message 3 or a sub-PRB message 3. A sub-PRB-capable UE can derive a transport format for the sub-PRB msg3 transmission using implicit dual scheduling [1], where the UE can derive a number of repetitions and number of subcarriers based on a re-interpretation of the UL grant in RAR. An example re-interpretation of the UL grant in RAR according to dual implicit scheduling is shown in Table 4. 
[bookmark: _Ref508727135]Table 4: Dual implicit scheduling interpretation for sub-PRB capable UE
	Indicated Repetition
	Sub-PRB Interpretation

	
	Number of subcarriers
	Repetitions, R
	TRU
	IRU
	RTRUIRU

	1
	12 subcarriers (1 PRB)
	1
	N/A
	N/A
	1 ms

	2
	6 subcarriers
	1
	2
	1
	2 ms

	4
	3 subcarriers
	1
	4
	1
	4 ms

	8
	3 subcarriers
	2
	4
	1
	8 ms

	16
	3 subcarriers
	4
	4
	1
	16 ms

	32
	3 subcarriers
	4
	4
	2
	32 ms

	64
	3 subcarriers
	4
	4
	4
	64 ms

	128
	3 subcarriers
	8
	4
	4
	128 ms



The implicitly scheduled resources are contained within the time – frequency resource space allocated by the UL grant. The eNB blind decodes for the two possible Msg3 formats (the legacy format and the sub-PRB format).
While dual implicit scheduling indicates the number of subcarriers allocated to the sub-PRB Msg3, it does not indicate which subcarriers are allocated. While it would be possible to support intra-narrowband frequency hopping for the sub-PRB Msg3, this is unlikely to give any meaningful frequency diversity gain. Our preference is that the subcarriers used by the UE for sub-PRB Msg3 within the PRB allocated in the UL grant are a function of the cell ID, thus orthoganalising interference between sub-PRB msg3 in different cells.
Proposal 6: Sub-PRB Msg3 transmissions are supported via implicit dual scheduling. The subcarriers used for Msg3 are a function of the cell ID. 
  
5.   Summary of Proposals
The following proposals have been made in this document:
Proposal 1: The pi/2 BPSK DMRS modulation symbols are time-multiplexed with the pi/2 BPSK modulation symbols before common transmitter processing is applied.
Proposal 2: The efeMTC DMRS is formed from a frequency-domain repetition or transformation of the NB-IoT DMRS pi/2 BPSK modulation symbols.
Proposal 3: In CE Mode B, for 2-of-3 subcarrier transmission:
· RU size = 8ms
· Transport block can be mapped to a maximum of 4RU.
· Transport block can be mapped to 1RU  
Proposal 4: In CE Mode A, for 2-of-3 subcarrier transmission:
· RU size = 8ms
Proposal 5: Message-3 supports sub-PRB transmission.
[bookmark: _GoBack]Proposal 6: Sub-PRB Msg3 transmissions are supported via implicit dual scheduling. The subcarriers used for Msg3 are a function of the cell ID. 
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