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1. [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Introduction 
This document considers the following remaining issues in sub-PRB PUSCH transmission in efeMTC:
· DMRS design
· DCI design
· RU size for TDD
· TBS tables
· Cyclic repetition
The agreements related to sub-PRB transmission are listed in [1].

2. DMRS transmission
Table 1 summarises the design aspects of DMRS for sub-PRB transmission. This section provides our views on the remaining FFS issues of DMRS for 2-of-3 subcarrier sub-PRB transmission.
[bookmark: _Ref513642881]Table 1 – Design aspects of DMRS for sub-PRB transmission
	Aspect
	3 or 6 subcarriers
	2-of-3 subcarriers

	DMRS sequence
	Same as NB-IoT
	FFS
Cross correlation properties to be considered

	SC-FDMA symbol
	4th symbol in slot
	4th symbol in slot

	Modulation and spreading
	Same as NB-IoT
	Length-2 BPSK with DFT-s-OFDM.
PAPR similar to that of data bearing symbols
Details FFS


 
DMRS sequence
The NB-IoT single-tone base sequence is known to provide good cross-correlation properties. The 3-subcarrier and 6-subcarrier sub-PRB transmissions use the corresponding NB-IoT base sequences. 
Re-use of the NB-IoT single-tone DMRS sequence for efeMTC 2-of-3 subcarrier transmissions would (1) leverage the performance of the NB-IoT sequences and (2) provide design commonality between NB-IoT and efeMTC. Furthermore design of a “green-field” 2-of-3 subcarrier DMRS sequence for efeMTC would require increased specification work. Hence it is proposed that:
Proposal 1: The NB-IoT single-tone DMRS sequence is used as the base sequence for 2-of-3 subcarrier efeMTC sub-PRB transmissions. 

Modulation and spreading
Based on the agreement that 2-of-3 subcarrier DMRS uses “length-2 BPSK with DFT-s-OFDM”, the transmitter functions for the data symbols and DMRS symbols for 2-of-3 sub-PRB transmissions is as shown in Figure 1. The outstanding issue is what happens in the “transform” block in order to convert the NB-IoT single-tone BPSK DMRS sequence into a suitable length-2 sequence that can be applied to the efeMTC DFT-s-OFDM function. 
BPSK modulation
DMRS generator (NB-IoT, BPSK)
transform
DFT-s-OFDM
CP addition
Pi/2 rotate
to RF
Switch / time mux
si(n)
ui1(n
ui2(n)

[bookmark: _Ref506585555]Figure 1 – 2-of-3 subcarrier sub-PRB transmit chain for data and DMRS
The data for 2-of-3 subcarrier sub-PRB transmissions has a property that, depending on the data being transmitted, the signal at the output of the DFT-s-OFDM function is either applied to the lower of the two tones or to the upper of the two tones:
· Identical data bits => lower tone is used
· Different data bits => upper tone is used
This property leads to a low PAPR waveform. It has been agreed that the DMRS for 2-of-3 transmission will have a PAPR similar to that of the data-bearing symbols. Simple ways of achieving a low PAPR are listed below and illustrated in Figure 2:
· Repetition of each DMRS modulation symbol prior to the DFT-s-OFDM function:
· [ui1(n) ui2(n)] = [1 1] × si(n).
· The lower tone of the 2-of-3 transmission is always used.
· Repetition and negation of each DMRS modulation symbol prior to the DFT-s-OFDM function:
· [ui1(n) ui2(n)] = [1 -1] × si(n).
· The upper tone of the 2-of-3 transmission is always used.
· Repetition and time-dependent negation of each DMRS modulation symbol prior to the DFT-s-OFDM function:
· [ui1(n) ui2(n)] = [1 (-1)i] × si(n).
· The tone used by the 2-of-3 transmission hops from slot to slot.
· Repetition and time-plus-cell-dependent negation of each DMRS modulation symbol prior to the DFT-s-OFDM function:
· [ui1(n) ui2(n)] = [1 (-1)i+CELL_ID] × si(n).
· The tone used by the 2-of-3 transmission hops from slot to slot. The hop pattern for CELL_ID k is in anti-phase to that of CELL_ID k+1

Repetition of each DMRS modulation symbol
Repetition and negation of each DMRS modulation symbol
Repetition and time-dependent negation of each DMRS modulation symbol
Repetition and time-plus-cell-dependent negation of each DMRS modulation symbol
data RE
DMRS cell 1
DMRS cell 2

[bookmark: _Ref513834627]Figure 2 – DMRS patterns for 2-of-3 SC sub-PRB transmission
Hopping of the DMRS tones improves channel estimation in frequency selective channels. When the hopping pattern of the DMRS tones is a function of the CELL_ID, the cross correlation properties of the DMRS patterns are improved (the DMRS pattern of every second cell is orthogonal by virtue of the hopping pattern). Hence it is proposed that the DMRS for 2-of-3 sub-PRB transmissions is created by repetition and time-plus-cell-dependent negation of each DMRS symbol.
Proposal 2: DMRS for 2-of-3 sub-PRB transmissions is created by repetition and time-plus-cell-dependent negation of each DMRS symbol. [ui1(n) ui2(n)] = [1 (-1)i+CELL_ID] × si(n).

3. DCI Design 
PRB location in CE Mode B
In RAN1#92bis, it was agreed that RRC would either configure a specific PRB location(s) within the system bandwidth or a PRB location(s) within a narrowband for the location of a UE’s sub-PRB transmission: 
· The PRB location(s) within the [system bandwidth or narrowband] is configured by RRC. 
Defining a specific PRB location in the system bandwidth would reduce eNB scheduling flexibility and is likely to make little or no difference to the DCI size. Hence our preference is that the PRB locations for sub-PRB transmission are configured within a narrowband.
Proposal 3: The PRB location within the narrowband is configured by RRC for sub-PRB transmissions.
Indication of allocated subcarriers and location within a PRB for CE Mode B
Figure 3 illustrates the 10 possible sub-PRB allocations for sub-PRB transmission. There are 10 possible combinations of number of subcarriers and location. 4 bits are required to signal these possible allocations. 
6
6
3
3
3
3
2 of 3
2 of 3
2 of 3
2 of 3
Subcarrier 0
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[bookmark: _Ref513822605]Figure 3 –possible sub-PRB allocations

The 4 bits required to signal the sub-PRB allocation (number of subcarriers and location) are proposed to be taken from the following fields in DCI format 6-0B:
· PRB assignment (3 bits leveraged). There is no need to indicate a PRB within a narrowband via DCI for sub-PRB, since it has been agreed that this will be signalled by RRC. 
· MCS (1 bit leveraged). It is proposed that for sub-PRB transmission, there are 8 possible TBS, which can be signalled via 3 bits. 
Proposal 4: For CE Mode B sub-PRB transmission, the number of allocated subcarriers and their location within the PRB are jointly coded in a 4-bit field.
Proposal 5: For CE Mode B sub-PRB transmission, the PRB assignment field is re-purposed for indication of the sub-PRB allocation.
Proposal 6: For CE Mode B sub-PRB transmission, the MCS is indicated in a 3-bit field.
Other than the joint coding of the number of subcarriers in the sub-PRB PUSCH and the location of those subcarriers within the PRB (as described above), joint coding within the DCI should be minimised as this joint coding increases the complexity of the specifications and affects implementation.

4. RU size for TDD 
In RAN2#92bis, the following agreement was made:
For sub-PRB transmissions in TDD, down-select between the following at RAN1#93 
· Alt. 1: In TDD, the RU length depends on TDD UL/DL configuration.
· Alt. 2: In TDD, the same RU lengths supported in FDD mode are re-used.

A motivation for alternative 1 is that cross-subframe channel estimation can be applied. Our view is that cross-subframe channel estimation can also be applied for alternative 2. Alternative 2 has the additional benefits of design commonality between FDD and TDD, design commonality with NB-IoT and easier implementation (since the RU size is semi-static and does not vary from TDD configuration to TDD configuration). Hence our preference is to support Alt.2: In TDD, the same RU lengths supported in FDD mode are re-used.
Proposal 7: In TDD, the same RU lengths supported in FDD mode are re-used.
5. TBS Tables
The TBS tables for sub-PRB transmission should be designed based on the following features:
· Existing TBS table entries are re-used.
· TBS tables should support RAN4 tests.
· The highest code rate using 4RV should be approximately 0.33
Based on the above criteria, the proposed TBS tables for CE Mode A and CE Mode B respectively are as shown in Table 2 and Table 3.
[bookmark: _Ref513826087]Table 2 – sub-PRB TBS table for CE Mode A
	MCS Index
	1 RU
	2 RU
	4 RU

	0
	32
	144
	328

	1
	56
	176
	408

	2
	72
	208
	504

	3
	104
	224
	600

	4
	120
	256
	712

	5
	144
	328
	808

	6
	176
	392
	936

	7
	224
	456
	1000

	Note: 
· For 3-SC and 6-SC allocations, QPSK is used
· For 2-of-3 SC allocations, pi/2 BPSK is used


 
[bookmark: _Ref513826532]Table 3 – sub-PRB TBS table for CE Mode B
	MCS Index
	2 RU
	4 RU

	0
	566
	256

	1
	88
	328

	2
	144
	408

	3
	176
	504

	4
	208
	600

	5
	224
	712

	6
	256
	808

	7
	328
	936

	Note: 
· For 3-SC and 6-SC allocations, QPSK is used
· For 2-of-3 SC allocations, pi/2 BPSK is used



Proposal 8: The TBS values for CE Mode A and CE Mode B in R1-1806561 are adopted for efeMTC sub-PRB transmissions. 

6. Cyclic Repetition in CE Mode B
It is FFS whether cyclic repetition is supported for sub-PRB transmission in CE Mode B. It has already been agreed that cyclic repetition is not supported in CE Mode A.
Cyclic repetition has been specified for NB-IoT, where cyclic repetition has the following advantages:
· Allows symbol combining and can facilitate frequency tracking at the eNodeB
· Allows early termination of PUSCH reception at the eNodeB
The general principle of cyclic repetition is illustrated in Figure 4. The transport block is mapped to a number, nunique_SF, of uniquely coded subframes. The unique subframes are then repeated NREP_CR times and transmitted consecutively. The pattern of repeated subframes spans Nrep_cycle subframes and this pattern is then repeated Ncycle times (Ncycle = 2 is illustrated in the figure).
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[bookmark: _Ref513831449]Figure 4 – Principle of cyclic repetition

In order to support symbol combining, there need to be cases where there are identical subframes that can be transmitted next to one another (i.e. NREP_CR > 1). The existence of the availability of these identical subframes depends on the following agreements that have been for CE Mode B:
· RU size = 2 or 4 (depending on DCI)
· RU length:
· 2ms for 6 subcarriers
· 4ms for 3 subcarriers
· 8ms for 2-of-3 subcarriers
· Number of RV = 4
· Maximum number of subframes transmitted = 2048
It is apparent that cyclic repetition would be applicable when the number of repetitions is large. When the number of repetitions is large, the UE would be transmitting using 2-of-3 subcarrier pi/2 BPSK modulation with an 8ms RU length and an RU size of 4: this would provide the most power efficient transmission format. The number of unique subframes in an eMTC PUSCH transmission can be calculated as:
Nunique_SF = #RV × RU length × RU size >= 4 × 8 × 4 = 64
Hence repeated subframes (to which cyclic repetition can be applied) occur when there are at least 128 repetitions (Nunique_SF = 64, NREP_CR = 2, Nrep_cycle = 128, Ncycle = 1). For 256 repetitions or more, early termination is possible (Nunique_SF = 64, NREP_CR = 2, Nrep_cycle = 128, Ncycle = 2) in addition to symbol combining and improved frequency tracking. 
The repetitions where cyclic repetition can be applied for CE Mode B are shown in red in Table 4. It is observed that cyclic repetition is applicable to most of the numbers of repetitions that can be used in CE Mode B. 
[bookmark: _Ref513830695]Table 4 - PUSCH repetition levels (DCI Format 6-0B) (from Table 8-2c: of TS36.213)
	Higher layer parameter
‘pusch-maxNumRepetitionCEmodeB’
	[image: ]

	Not configured
	{4,8,16,32,64,128,256,512}

	192 
	{1,4,8,16,32,64,128,192}

	256 
	{4,8,16,32,64,128,192,256} 

	384 
	{4,16,32,64,128,192,256,384} 

	512 
	{4,16,64,128,192,256,384,512} 

	768 
	{8,32,128,192,256,384,512,768}

	1024 
	{4,8,16,64,128,256,512,1024} 

	1536 
	{4,16,64,256,512,768,1024,1536}

	2048 
	{4,16,64,128,256,512,1024,2048}


   
Cyclic repetition is applicable in CE Mode B for the larger numbers of repetitions. It is precisely at these larger numbers of repetitions where the benefits of cyclic repetition are most needed (i.e. the ability to perform symbol combining, enhance frequency tracking and early termination). The fact that cyclic repetition cannot be applied for lower numbers of repetitions is pretty irrelevant: there is not much requirement for the benefits of cyclic repetition in better coverage.
Observation: Cyclic repetition is possible in CE ModeB when there are 128 repetitions or more, which is the regime in which the performance-enhancing benefits of cyclic repetition are required.
Proposal 9: efeMTC supports cyclic repetition in CE Mode B. 
7.   Summary of Proposals
The following observations and proposals have been made in this document:
Proposal 1: The NB-IoT single-tone DMRS sequence is used as the base sequence for 2-of-3 subcarrier efeMTC sub-PRB transmissions. 
Proposal 2: DMRS for 2-of-3 sub-PRB transmissions is created by repetition and time-plus-cell-dependent negation of each DMRS symbol. [ui1(n) ui2(n)] = [1 (-1)i+CELL_ID] × si(n).
Proposal 3: The PRB location within the narrowband is configured by RRC for sub-PRB transmissions.
Proposal 4: For CE Mode B sub-PRB transmission, the number of allocated subcarriers and their location within the PRB are jointly coded in a 4-bit field.
Proposal 5: For CE Mode B sub-PRB transmission, the PRB assignment field is re-purposed for indication of the sub-PRB allocation.
Proposal 6: For CE Mode B sub-PRB transmission, the MCS is indicated in a 3-bit field.
Proposal 7: In TDD, the same RU lengths supported in FDD mode are re-used.
Proposal 8: The TBS values for CE Mode A and CE Mode B in R1-1806561 are adopted for efeMTC sub-PRB transmissions. 
Observation: Cyclic repetition is possible in CE ModeB when there are 128 repetitions or more, which is the regime in which the performance-enhancing benefits of cyclic repetition are required.
Proposal 9: efeMTC supports cyclic repetition in CE Mode B. 
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