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1 Introduction
In RAN #78 meeting, revised WID RP-172811 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 RAN1 #91 meeting, the following agreement was achieved [3].
· 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
· Confirm WA: 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.

· 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 and #92bis meeting, the following agreements were achieved [4][5].
· 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 transmission.

· For all sub-PRB transmissions, the DMRS is transmitted in the fourth SC-FDMA symbol of the slot
· 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.

· 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
· Confirm the WA below

· The 2 used subcarriers shall be fixed per cell in specification
· 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 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.

· 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

· 6 subcarriers with SC-FDMA QPSK modulation is supported in CE mode B

· A maximum of 4 resource units (RUs) is supported in CE Mode A
· Each DMRS symbol is length-2 BPSK with DFT-S-OFDM.
· For CE Mode B, only 2 and 4 RUs can be allocated.
· For CE Mode A, 1, 2 and 4 RUs can be allocated.
· For FDD, RU Size of 2 of 3 sub-carriers pi/2 BPSK option = 8 ms for CE Mode A and CE Mode B.
·  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.
· For subPRB allocation, the maximum transmission power is used in CE Mode B and for power control in CE Mode A, MPUSCH,c(i) ={1/6, 1/4, 1/2} for 2-subcarrier, 3-subcarrier and 6-subcarrrier allocation, respectively and for PRB level allocation, there are no changes to transmit power control.

· Cyclic repetition is not supported for sub-PRB allocation for CE Mode A
· FFS: For CE Mode B
· The Sub-PRB DCI design for Mode A and B should not increase the DCI size by more than 3 bits

· For sub-PRB allocation in CE Mode B, the PRB location(s) within the [system bandwidth or narrowband] is configured 
· For sub-PRB allocation in CE Mode A, there is no RRC configuration needed to indicate the
PRB location in the system bandwidth 

Sub-PRB location within PRB

# of sub-carriers

# of RUs

MCS Index

· The Sub-PRB DCI design will not limit scheduling options for Full-PRB legacy allocations for CE Mode A and B

In this contribution, we discuss the remaining issues on PUSCH Sub-PRB allocation for MTC.

2 Detailed design on UL Sub-PRB allocation 

2.1 IMCS to ITBS mapping table, TBS table and NRU for UL Sub-PRB allocation

For UL Sub-PRB allocation with 3 subcarriers, QPSK and pi/2 BPSK are supported. For UL Sub-PRB allocation with 6 subcarriers, only QPSK modulation is supported. IMCS to ITBS mapping table in Table 1 is used for Sub-PRB allocation with QPSK modulation. The same IMCS to ITBS mapping table (Table 1) can be reused for 2 of 3 subcarriers BPSK modulation. 
Table 1 IMCS to ITBS mapping table for PUSCH Sub-PRB allocation
	IMCS
	Modulation
	ITBS

	0
	QPSK 
	pi/2 BPSK
	0

	1
	QPSK
	pi/2 BPSK
	1

	2
	QPSK
	pi/2 BPSK
	2

	3
	QPSK
	pi/2 BPSK
	3

	4
	QPSK
	pi/2 BPSK
	4

	5
	QPSK
	pi/2 BPSK
	5

	6
	QPSK
	pi/2 BPSK
	6

	7
	QPSK
	pi/2 BPSK
	7

	8
	QPSK
	pi/2 BPSK
	8

	9
	QPSK
	pi/2 BPSK
	9

	10
	QPSK
	pi/2 BPSK
	10

	11-15
	-
	-


For PUSCH Sub-PRB allocation, the maximum TBS for CE mode A is 1000 and maximum TBS for CE mode B is 936. Since same modulation scheme is used for CE mode A and CE mode B, same TBS table as shown in Table 2 can be considered for CE mode A and B. 
Table 2  TBS for PUSCH Sub-PRB allocation
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	1
	2
	4

	0
	32
	56
	152

	1
	40
	88
	208

	2
	56
	144
	256

	3
	72
	176
	328

	4
	88
	208
	392

	5
	104
	224
	456

	6
	120
	256
	504

	7
	136
	328
	616

	8
	144
	392
	680

	9
	176
	456
	872

	10
	208
	504
	1000/936


Proposal 1: For sub-PRB allocation, a unified TBS table (Table 2) is used for both CE Mode A and CE Mode B.
2.2 Number of repetitions for CE mode A and CE mode B

For Sub-PRB, the maximum total number of (valid) subframes of transmission is 32 subframes for CE Mode A and 2048 subframes for CE Mode B.

The maximum number of repetitions for Sub-PRB allocation with 6 subcarriers would be 32 ms / 2 ms = 16 in CE mode A and 2048 ms / (2 ms * 2) = 512 in CE mode B. For Sub-PRB allocation with 3 subcarriers, the maximum number of repetitions would be 32 ms / 4 ms = 8 in CE mode A and 2048 ms / (4 ms * 2) = 256 in CE mode B.

 ‘Repetition number’ field is 2 bits in DCI format 6-0A while 3 bits in DCI format 6-0B. For Sub-PRB allocation in CE mode A and CE mode B, ‘Repetition number’ filed can be directly reused to indicate number of repetitions. For example, if maximum number of repetitions for Sub-PRB allocation in CE mode A is 8, 2-bit ‘Repetition number’ filed is used to indicate one of value of {1, 2, 4, 8}.  

Observation 1: For Sub-PRB allocation in CE mode A and CE mode B, ‘Repetition number’ filed in DCI format 6-0A/0B can be directly reused to indicate number of repetitions.
2.3 Resource allocation and DCI design
When UL Sub-PRB feature is semi-static configured/enabled by RRC signaling, both subcarrier-level and PRB-level resource allocation can be supported.

· Resource allocation in CE mode A

Legacy DCI format 6-0A includes 
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 bits to indicate the narrowband index and 5 bits to indicate the PRB(s) allocation within the narrowband. 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 and 21 states are needed. For subcarrier-level allocation, to support each of 6 PRBs in a narrowband, all 3/6 subcarriers and 2 of 3 subcarriers allocations (total 10 states) and NRU = 1, 2 or 4, in total 6 × 10 × 3 = 180 states are needed to indicate Sub-PRB allocation. Combining PRB-level and sub-PRB resource allocation, in total 201 states are needed to indicate fully flexible PRB-level and subcarrier-level resource allocation. If PRB-level allocation and sub-carrier level allocation are separately indicated, one bit is needed to indicate whether the allocation is PRB-level or sub-PRB level. If PRB-level allocation is signaled, 5 bits are needed to indicate the 21 states. If sub-PRB level allocation is signaled, 8 bits are needed to indicate the 180 states for sub-PRB level allocation. In this case, addtional 4 bits are needed. If PRB-level and sub-PRB lebel resource allocation are jointly indicated, 8 bits (additional 3 bits) are needed to indicate fully flexible PRB-level and sub-PRB level resource allocation within a narrowband.  
The following fields are unchanged from format 6-0A:
Narrowband index 
HARQ process number 

New data indicator 

Redundancy version 

TPC command for scheduled PUSCH 

UL index 

Downlink Assignment Index (DAI) 

CSI request

SRS request

DCI subframe repetition number

Repetition number  

Modulation order override
As shown in Table 3, ‘Resource block assignment’ field is extended, i.e., the resoure block assignment within narrowband field is extended from 5 bits to 8 bits. ‘MCS’ field keeps the same size but uses the TBS mapping table defined for sub-PRB allocation (as exampled in Table 1).
Table 3 Field description for Sub-PRB allocation in CE mode A
	Field Name
	Bits
	Description

	Resource block assignment within narrowband
	8
	21 values for PRB level allocation;
10 values for #of SC and location

6 values for PRB within narrowband
3 values for # of RUs (1,2,4);
Joint coded = 10 × 6 × 3 + 21 = 201

	MCS
	4
	11 values for QPSK or pi/2 BPSK according to TBS mapping table


Proposal 2: If Sub-PRB allocation is configured in CE mode A, fields in DCI format 6-0A can be reused with the following modifications:

· ‘Resource block assignment’ field is extended to 
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 + 8 bits, where LSB 8 bits provide the joint indication of PRB-level resource allocation and sub-PRB level resource allocation as shown in Table 3.
· ‘Modulation and coding scheme’ field keeps the same size (4 bits) but modulation and coding depends on the IMCS to ITBS mapping and TBS table design for Sub-PRB allocation.
· Resource allocation in CE mode B
Legacy DCI format 6-0B includes 
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 bits to indicate the narrowband index and 3 bits to indicate 1 PRB {one of total 6 PRBs within narrowband} or 2 PRBs (PRB index {0, 1} or {2, 3}) allocation within the indicated narrowband. In total 8 states are needed for PRB-level allocation. For CE mode B, NRU is 2 or 4. Considering that PRBs in a narrowband and all 3/6 subcarriers and 2 of 3 subcarriers allocations (total 10 states) are considered for subcarrier level allocation, in total 6 × 10 × 2 + 8 = 128 states are needed to indicate fully flexible PRB-level and subcarrier-level resource allocation. To reduce the DCI overhead, it is impossible to indicate fully flexible PRB-level and subcarrier-level resource allocation in CE mode B. Subcarrier-level resource allocation in CE mode B can be within predefined PRB(s) or PRB(s) preconfigured by RRC signalling. 
If one PRB is predefined or preconfigured, in total 10 × 1 × 2 = 20 states are needed to indicate sub-PRB allocation. If PRB-level allocation and sub-carrier level allocation are separately indicated, one bit is needed to indicate whether the allocation is PRB-level or sub-PRB level. If PRB-level allocation is signaled, 3 bits are needed to indicate the 8 states. If sub-PRB level is signaled, 5 bits are needed to indicate the 20 states for sub-PRB level allocation. In this case, besides narrowband indication, addtional 6 bits are needed. If PRB-level and sub-PRB lebel resource allocation are jointly indicated, in total 28 states are needed to indicate fully flexible PRB-level and subcarrier-level resource allocation. There needs 5 bits to indicate PRB-level and sub-PRB level resource allocation within a narrowband. 

If two PRBs are predefined or preconfigured, the total states needed for subcarrier-level resource allocation are 10 × 2 × 2 = 40 if a unified TBS mapping table is used for QPSK and pi/2 BPSK. If PRB-level allocation and sub-carrier level allocation are separately indicated, one bit is needed to indicate whether the allocation is PRB-level or sub-PRB level. If PRB-level allocation is signaled, 3 bits are needed to indicate the 8 states. If sub-PRB level is signaled, 6 bits are needed to indicate the 40 states for sub-PRB level allocation. In this case, besides narrowband indication, addtional 7 bits are needed. If PRB-level and sub-PRB lebel resource allocation are jointly indicated, in total 48 states are needed to indicate PRB-level and subcarrier-level resource allocation. As shown in Table 4, there needs 6 bits to indicate PRB-level and sub-PRB level resource allocation within a narrowband. In this case, compared with separate resource allocation, PRB and sub-PRB joint resource allocation can save 1 bit overhead.

The following fields are unchanged from format 6-0B:
Narrowband index

HARQ process number 

New data indicator 

Redundancy version 

DCI subframe repetition number

Repetition number – 3 bits 

As shown in Table 4, ‘Resource block assignment’ field is extended, i.e., the resource block assignment within narrowband field is extended from 3 bits to 5/6 bits depending on the number of PRB(s) preconfigured for sub-PRB allocation. ‘Modulation and coding scheme’ field in DCI format 6-0B can keep the same size (4 bits), the detailed modulation and coding depends on the IMCS to ITBS mapping and TBS table design for Sub-PRB allocation.

Table 4 Field description for Sub-PRB allocation in CE mode A 
	Field Name
	Bits
	Description

	Resource block assignment within narrowband
	5 or 6
	8 values for PRB level allocation
10 values for #of SC and location

1 or 2 values for PRBs within narrowband

2 values for # of RUs (2,4)

Joint coded = 10 × 1 × 2 + 8 = 28 or 10 × 2 × 2 + 8 = 48 

	Modulation and coding scheme
	4
	 11 values for QPSK or pi/2 BPSK according to TBS mapping table


Proposal 3: If Sub-PRB allocation is configured in CE mode B, fields in DCI format 6-0BA can be reused with the following modifications:

· ‘Resource block assignment’ field is extended to 
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 + 5/6 bits, where LSB 5/6 bits provide the joint indication of PRB-level resource allocation and sub-PRB level resource allocation as shown in Table 4.
· ‘Modulation and coding scheme’ field keeps the same size (4 bits) but modulation and coding depends on the IMCS to ITBS mapping and TBS table design for Sub-PRB allocation.
3 Conclusions

In this contribution, we have discussed the remaining issues of PUSCH Sub-PRB allocation for MTC. We make the following observation and proposals:
Observation 1: For Sub-PRB allocation in CE mode A and CE mode B, ‘Repetition number’ filed in DCI format 6-0A/0B can be directly reused to indicate number of repetitions.
Proposal 1: For sub-PRB allocation, a unified TBS table (Table 3) is used for both CE Mode A and CE Mode B.
Proposal 2: If Sub-PRB allocation is configured in CE mode A, fields in DCI format 6-0A can be reused with the following modifications:

· ‘Resource block assignment’ field is extended to 
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 + 8 bits, where LSB 8 bits provide the joint indication of PRB-level resource allocation and sub-PRB level resource allocation as shown in Table 3.
· ‘Modulation and coding scheme’ field keeps the same size (4 bits) but modulation and coding depends on the IMCS to ITBS mapping and TBS table design for Sub-PRB allocation.
Proposal 3: If Sub-PRB allocation is configured in CE mode B, fields in DCI format 6-0BA can be reused with the following modifications:

· ‘Resource block assignment’ field is extended to 
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 + 5/6 bits, where LSB 5/6 bits provide the joint indication of PRB-level resource allocation and sub-PRB level resource allocation as shown in Table 4.
· ‘Modulation and coding scheme’ field keeps the same size (4 bits) but modulation and coding depends on the IMCS to ITBS mapping and TBS table design for Sub-PRB allocation.
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