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1 Introduction
In RAN #76 meeting, revised WID RP-171427 on Even further enhanced MTC for LTE was agreed [1]. One of the objectives is to improve spectral efficiency.

Improved spectral efficiency:

· Increased PUSCH spectral efficiency [RAN1 lead, RAN2, RAN4]
· E.g. sub-PRB resource allocation, with no less than 3 subcarriers within a sub-PRB allocation.

· Note: There is no intention to lower the minimum required UE capability compared to UE category M1 as part of this WI, i.e. the UE shall still support a PUSCH transmission of 6 PRBs.
In RAN1 #90bis meeting, the following agreement was achieved [2].

· Sub-PRB shall be supported at least in CE Mode B

· Working assumption: Sub-PRB shall be supported in CE Mode A.

· RAN1 will prioritize optimization of Sub-PRB for CE Mode B over optimization of Sub-PRB for CE Mode A.

· For Sub-PRB, the maximum total number of (valid) subframes of transmission is:

· 32 subframes for CE Mode A

· 2048 subframes for CE Mode B

· FFS: Supported transport block sizes and numbers of repetitions (for each supported CE Mode)

· Sub-PRB rate matching is performed across a resource unit (RU) spanning multiple subframes

· The RU length depends on number of subcarriers in the Sub-PRB allocation

· FFS: RE mapping

· FFS: whether more than one RU is allocated per transport block

· For Sub-PRB, increasing DMRS shall not be supported

· For Sub-PRB allocation in connected mode,

· The Sub-PRB feature is configured/enabled by RRC signaling
· The Sub-PRB resource allocation shall be signaled by DCI
· FFS: Support of Sub-PRB allocation in Msg3
· When the Sub-PRB feature is configured/enabled in connected mode in CE mode B,
· DCI format 6-0B shall support both sub-PRB allocation and allocation of at least 1 PRB.

· Sub-PRB allocation shall support a maximum TBS of at least [504] bits.

In this contribution, we discuss the detailed design on Sub-PRB allocation for PUSCH spectral efficiency improvement for MTC.

2 Detailed design on UL Sub-PRB allocation 
2.1 Definition of Resource allocation 

For FDD, 3-tone and 6-tone resource units can be considered as shown in Figure 1. The frequency locations of resource unit of 3 subcarrier × 4 ms are subcarrier {#0, #1, #2}, {#3, #4, #5}, {#6, #7, #8}, or {#9, #10, #11}. For 6-tone resource units, beside subcarrier {#0, #1, #2, #3, #4, #5} and subcarrier {#6, #7, #8, #9, #10, #11}, subcarrier {#3, #4, #5, #6, #7, #8} can also be considered. In this case, one more multiplexing candidate of 3-subcarrier and 6-subcarrier resource unit can be considered. Better scheduling flexibility can be achieved without additional overhead.  For example, if 3-subcarrier resource units with starting subcarrier #0 and #9 have been occupied by other UEs, 6-subcarrier resource unit with starting subcarrier #3 can be allocated to an MTC UE to achieve higher peak data rate. 
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Figure 1 Resource units for Sub-PRB resource allocation for FDD MTC
Proposal 1: For FDD, Resource unit 6 subcarrier × 2 ms and/or 3 subcarrier × 4 ms are defined for UL Sub-PRB allocation.

· The starting subcarrier of RU 3 subcarrier × 4 ms is subcarrier {#0, #3, #6, #9}.
· The starting subcarrier of RU 6 subcarrier × 2 ms is subcarrier {#0, #3, #6}.
For TDD, compared with PRB-level allocation, Sub-PRB allocation requires longer UL transmission duration in the time domain. For TDD configuration 1 and TDD configuration 4, resource unit 6 subcarrier × 2 ms or 3 subcarrier × 4 ms in FDD can be reused. Similar to RU design in TDD NB-IoT [3], for TDD configuration 0 and TDD configuration 3, resource unit 6 subcarrier × 3 ms or 3 subcarrier × 6 ms can be considered. For TDD configuration 6, resource unit 3 subcarrier × 5 ms can be considered. Such RU design can be well aligned with the maximum number of consecutive UL subframes and the RU decoding performance would be consistent for a given TDD configuration. In addition, it may be more suitable for high code rate in CE mode B due to more available REs in a RU.
Proposal 2: For TDD, Resource unit definition for Sub-PRB allocation depends on the TDD uplink-downlink configurations.
2.2 RE mapping

In Rel-13 NB-IoT, resource mapping for NPUSCH is implemented in the order of frequency first then time. The “frequency first then in time” resource mapping continues until the end of each RU. For UL Sub-PRB allocation, the RE mapping of PUSCH can reuse the resource mapping for NPUSCH in NB-IoT, i.e., frequency first then in time. 
2.3 TBS table and Number of RU for UL Sub-PRB allocation
Considering that maximum TBS in Rel-13 eMTC is 1000 bits, Sub-PRB allocation shall support a maximum TBS of at least 1000 bits to meet the data rate requirement. 
For UL Sub-PRB allocation in CE mode A, Table 8.6.1-2 in 36.213 can be used to determine the modulation order for BL/CE UEs. To support maximum TBS of 1000 bits, TBS table for UL Sub-PRB allocation in CE mode A can be based on the TBS table for BL/CE UEs in CE mode A and 
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as shown in Table 1.

Table 1 TBS for NPUSCH Sub-PRB allocation in CE mode A
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	1
	2
	3
	4
	5
	6

	0
	16
	32
	56
	88
	120
	152

	1
	24
	56
	88
	144
	176
	208

	2
	32
	72
	144
	176
	208
	256

	3
	40
	104
	176
	208
	256
	328

	4
	56
	120
	208
	256
	328
	408

	5
	72
	144
	224
	328
	424
	504

	6
	328
	176
	256
	392
	504
	600

	7
	104
	224
	328
	472
	584
	712

	8
	120
	256
	392
	536
	680
	808

	9
	136
	296
	456
	616
	776
	936

	10
	144
	328
	504
	680
	872
	1000

	11
	176
	376
	584
	776
	1000
	-

	12
	208
	440
	680
	904
	-
	-

	13
	224
	488
	744
	1000
	-
	-

	14
	256
	552
	840
	-
	-
	-

	15
	280
	600
	904
	-
	-
	-


Smaller maximum NRU is beneficial for reducing the resource assignment overhead. However, support of larger maximum NRU would have better scheduling flexibility. To reduce the DCI overhead in CE mode A, considering that NRU = 4 can support 1000-bit transport block, the maximum number of RU in CE mode A can be limited to 4, i.e., 
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in CE mode A. 

TBS determination for BL/CE UEs in CE mode B is described in section 8.6.2 of 36.213, “For a BL/CE UE configured with CE Mode B, the TBS is determined according to the procedure in subclause 7.1.7.2.1 for 
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, and 
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= 6 when resource allocation field is ‘110’ or ‘111’ otherwise
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= 3.”.  For UL Sub-PRB allocation, a BL/CE UE configured with CE mode B is also not expected to receive a DCI format 6-0B indicating
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. Considering the intention of Sub-PRB allocation is improving spectral efficiency, TBS table for Sub-PRB allocation should follow the PUSCH TBS table design for BL/CE UEs in CE mode B.

Table 2 TBS for NPUSCH Sub-PRB allocation in CE mode B
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	1
	2

	0
	56
	152

	1
	88
	208

	2
	144
	256

	3
	176
	328

	4
	208
	408

	5
	224
	504

	6
	256
	600

	7
	328
	712

	8
	392
	808

	9
	456
	936

	10
	504
	1000


If maximum TBS supported in CE mode B is 1000 bits, the maximum number of RU in CE mode B should be 2, i.e., 
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in CE mode B.

Proposal 3: Maximum 1000 bits TBS are supported for UL Sub-PRB allocation in CE mode A and CE mode B.

Proposal 4: For UL Sub-PRB allocation in CE mode A, maximum number of resource units for a transport block is 4.

Proposal 5: For UL Sub-PRB allocation in CE mode B, maximum number of resource units for a transport block is 2.

2.4 Resource allocation
When UL Sub-PRB operation mode is semi-static configured by RRC signaling, subcarrier-level and PRB-level resource allocation can be indicated in UL Sub-PRB allocation mode.

· Resource allocation in CE mode A

To achieve scheduling flexibility in CE mode A, for PRB-level allocation, resource allocation for different number of PRBs within a narrowband should be supported. For subcarrier-level allocation, each of 6 PRBs in a narrowband, all 3-tone and 6-tone resource units and number of RU that meets 
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should be considered.

If UL Sub-PRB allocation is activated by RRC signalling, ‘Resource block assignment’  field includes 
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+ 8 bits to indicate resource allocation within a narrowband for PUSCH in CE mode A. Resource allocation within a narrowband field uses 8 bits to indicate PRB-level or Sub-PRB level allocation as defined in Table 3. 8 bits can indicate 256 states in which 21 states are used for PRB-level resource allocation and remaining states can be used for subcarrier-level resource allocation. To achieve scheduling flexibility in CE mode A, each of 6 PRBs in a narrowband (6 different PRB index), all 3-tone and 6-tone resource units in CE mode A (7 different RU locations within a PRB) and the number of RU = 1, 2, 3 or 4 are considered, total 6 × 7 × 4 = 168 states are needed to indicate Sub-PRB allocation (subcarrier-level allocation) in CE mode A.
Table 3  PRB and Sub-PRB allocation indication in CE mode A 

	8-bit ‘Resource allocation within a narrowband’ field
	Allocated PRB(s) or allocated Sub-PRB

	00000000-00010100  
	Total 21 states to indicate PRB resource allocation using DL resource allocation type 2

	00010101- 10111100 

	Total 168 states to indicate Sub-PRB allocation including the associated number of RU

	10111101-11111111
	Reserved


Proposal 6: If UL Sub-PRB allocation is activated by RRC signaling, ‘resource allocation within a narrowband’ field uses 8 bits to indicate PRB-level or Sub-PRB level allocation in CE mode A.
· Resource allocation in CE mode B
When the Sub-PRB feature is configured/enabled in connected mode in CE mode B, both Sub-PRB allocation and allocation of at least 1 PRB should be supported by DCI format 6-0B. Similar to legacy resource allocation in CE mode B, the maximum number of PRBs for PRB-level allocation should be 2. If the maximum TBS that Sub-PRB allocation supported is 1000 bits, the maximum number of RU in CE mode B should be 2.If UL Sub-PRB allocation is activated by RRC signalling, ‘Resource block assignment’ field includes 
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+ 6 bits to indicate resource allocation within a narrowband for PUSCH in CE mode B. Resource allocation within a narrowband field uses 6 bits to indicate PRB-level or Sub-PRB level allocation as defined in Table 4. 6 bits can indicate 64 states in which 8 states are used for PRB-level resource allocation in CE mode B. Other 56 states can be used for Sub-PRB allocation. Based on the assumption that all 3-tone and 6-tone resource units (7 different RU locations within a PRB) should be supported and the number of RU is 1 or 2, number of PRB(s) available for Sub-PRB allocation is 4.  

Table 4  PRB and Sub-PRB allocation indication in CE mode B
	5-bit resource allocation within a narrowband field
	Allocated PRB(s) or allocated Sub-PRB

	000000
	PRB #0

	000001
	PRB #1

	000010
	PRB #2

	000011
	PRB #3

	000100
	PRB #4

	000101
	PRB #5

	000110
	PRB #0, #1

	000111
	PRB #2, #3

	001000- 111111 
	Total 56 states to indicate Sub-PRB allocation including the associated number of RU within predfined or preconfigured PRBs


Proposal 7: If UL Sub-PRB allocation is activated by RRC signaling, ‘resource allocation within a narrowband’ field uses 6 bits to indicate PRB-level or Sub-PRB level allocation in CE mode B.PRB(s) available for Sub-PRB allocation can be predefined or preconfigured.

2.5 DM-RS design for UL Sub-PRB allocation
If the new defined resource unit for UL Sub-PRB is 6 subcarrier × 2 ms and/or 3 subcarrier × 4 ms, two DM-RS alternatives can be considered:

· Alt 1: DMRS occupies the same subcarriers as for data, as illustrated in Figure 2. 
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Figure 2 An example of Alt1: UL DMRS occupy same frequency as for data.

In Alt 1, 6-tone and/or 3-tone DMRS design in Rel-13 NB-IoT can be reused for Rel-15 MTC enhancement.

· Alt 2: DMRS occupies 12 subcarriers regardless of the size of resource unit, as illustrated in Figure 3.
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Figure 3 An example of Alt 2: UL DMRS occupies 12 subcarriers

Legacy one PRB DMRS sequence design can be reused for Alt 2. DMRS sequence for different UEs in the same PRB can be distinguished by orthogonal code. Considering that only 3-subcarrier and 6-subcarrier resource units need to be supported in UL Sub-PRB operation mode and the number of multiplexed MTC UEs in a PRB is at most 4, the orthogonality of DMRS sequences for different UEs can be guaranteed. Compared with Alt 1, the DMRS sequence length of Alt 2 is longer thus has better anti-interference ability. Furthermore, the coexistence with legacy LTE is better for Alt 2. DMRS performance in inter-cell interference scenario can be used to determine the DM-RS solutions. 
Proposal 8: DM-RS design is chosen from the following two alternatives depending on the performance in inter-cell interference scenario. 

· Alt 1: DMRS occupies the same subcarriers as for data
· Alt 2: DMRS occupies 12 subcarriers regardless of the size of resource unit
3 Discussion on support of Sub-PRB allocation in Msg3
During initial access, Sub-PRB allocation in Msg3 can be supported when the capability is signaled by PRACH resource division for UEs supporting Sub-PRB allocation. If the UE supports Sub-PRB allocation feature, eNB can activate Sub-PRB allocation by RAR. However, it would cause specification impacts on both PRACH and RAR design.

Sub-PRB allocation in Msg3 also may be realized by allocating both PRB-level resources and Sub-PRB level resources for the BL/CE UEs. In this case, resource waste would be caused due to doubled resource allocation. If the UE with the capability of Sub-PRB allocation can successfully detect the Sub-PRB allocation can send Msg3 in the Sub-PRB level resource. The eNB will blindly detect Msg3 in the two allocated resources. Considering that Msg3 transmission is contention-based, the blind decoding complexity may be very large. Furthermore, the UL resource waste caused by double resource allocation is unacceptable. Sub-PRB allocation is not supported for RAR scheduled Msg3. For Msg3 retransmission, different resource allocation scheme in UL grant for Msg3 can be considered depending on contention based or non-contention based random access procedure. During contention based random access procedure, only legacy resource allocation can be used for Msg3 retransmission. During non-contention based random access procedure, Sub-PRB allocation can be considered for UL grant scheduled Msg3. If Sub-PRB allocation is configured, Sub-PRB allocation is used for Msg3 transmission during non-contention based random access procedure.

Proposal 9: Sub-PRB allocation is not supported for RAR scheduled Msg3 transmission.

Proposal 10: Sub-PRB allocation can be considered for UL grant scheduled Msg3 retransmission during non-contention based random access procedure.

4 Conclusions

In this contribution, we have discussed the detailed design on UL Sub-PRB allocation for MTC. We make the following proposals:
Proposal 1: For FDD, Resource unit 6 subcarrier × 2 ms and/or 3 subcarrier × 4 ms are defined for UL Sub-PRB allocation.

· The starting subcarrier of RU 3 subcarrier × 4 ms is subcarrier {#0, #3, #6, #9}.
· The starting subcarrier of RU 6 subcarrier × 2 ms is subcarrier {#0, #3, #6}.
Proposal 2: For TDD, Resource unit definition for Sub-PRB allocation depends on the TDD uplink-downlink configurations.
Proposal 3: Maximum 1000 bits TBS are supported for UL Sub-PRB allocation in CE mode A and CE mode B.

Proposal 4: For UL Sub-PRB allocation in CE mode A, maximum number of resource units for a transport block is 4.

Proposal 5: For UL Sub-PRB allocation in CE mode B, maximum number of resource units for a transport block is 2.

Proposal 6: If UL Sub-PRB allocation is activated by RRC signaling, ‘resource allocation within a narrowband’ field uses 8 bits to indicate PRB-level or Sub-PRB level allocation in CE mode A.
Proposal 7: If UL Sub-PRB allocation is activated by RRC signaling, ‘resource allocation within a narrowband’ field uses 6 bits to indicate PRB-level or Sub-PRB level allocation in CE mode B.PRB(s) available for Sub-PRB allocation can be predefined or preconfigured.

Proposal 8: DM-RS design is chosen from the following two alternatives depending on the performance in inter-cell interference scenario. 

· Alt 1: DMRS occupies the same subcarriers as for data
· Alt 2: DMRS occupies 12 subcarriers regardless of the size of resource unit
Proposal 9: Sub-PRB allocation is not supported for RAR scheduled Msg3 transmission.

Proposal 10: Sub-PRB allocation can be considered for UL grant scheduled Msg3 retransmission during non-contention based random access procedure.
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Appendix

A.1
Table A.1 TDD uplink-downlink configuration

	Uplink-downlink 

configuration
	Downlink-to-Uplink

Switch-point periodicity
	Subframe number

	
	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	5 ms
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	S
	U
	U
	U
	D
	S
	U
	U
	U

	1
	5 ms
	D
	S
	U
	U
	D
	D
	S
	U
	U
	D

	2
	5 ms
	D
	S
	U
	D
	D
	D
	S
	U
	D
	D

	3
	10 ms
	D
	S
	U
	U
	U
	D
	D
	D
	D
	D

	4
	10 ms
	D
	S
	U
	U
	D
	D
	D
	D
	D
	D

	5
	10 ms
	D
	S
	U
	D
	D
	D
	D
	D
	D
	D

	6
	5 ms
	D
	S
	U
	U
	U
	D
	S
	U
	U
	D
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