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Discussion and Decision
1 Introduction

In RAN1#92, it was agreed that –

· 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 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

· 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
· 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
In this contribution, we provide details on remaining design for PUSCH sub-PRB allocation.

2 Design of Sub-PRB Allocation
2.1 Number of Resource Units
As agreed in RAN1#92, the RU size is 2ms for 6 subcarriers and 4ms for 3 subcarriers using QPSK. For 3-subcarrier using Pi/2-BPSK, the following options are possible –

· 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

Furthermore, we have agreed to support 4 resource units in CE Mode A, and 4 RVs in both CE Mode A and B. For 3-subcarrier with Pi/2-BPSK, only 2 subcarriers will be used. In addition, with Pi/2-BPSK, only 1 bit can be carried per symbol. Hence, the number of coded bits per 1ms is only 24 bits. If the RU length is 4ms, the effective coding rate for 1000 bits after 4 RVs would be ~0.65 even if 4 RUs are used. In this case, there is a loss in performance as the coding rate could be much lower. This performance loss cannot be compensated by using larger number of repetitions. If the RU length is 6ms, then effective coding rate after 4 RVs would be ~0.43 even if 4 RUs are used which would also result in some performance. If the RU length is 16ms, it is possible to achieve the mother code rate, but each RU would be unnecessary long. Therefore, it is proposed that RU length of 8ms is used for 3-subcarrier with Pi/2-BPSK.

Proposal 1: RU length is 8ms for 3-subcarrier using Pi/2-BPSK.

In addition, a maximum of 4 resource units (RUs) is supported in CE Mode A. This value should also be supported in CE Mode B to keep the same design.

Proposal 2: A maximum of 4 resource units (RUs) is supported in CE Mode B.

2.2 Resource Allocation 
It has been agreed that sub-PRB feature is configured/enabled by RRC signaling but resource allocation shall be signaled by DCI. Furthermore, the DCI shall support both sub-PRB allocation and allocation of at least 1 PRB. Ideally, the DCI should be able to support all Rel-14 allocations as well as sub-PRB allocation. This will allow full scheduling flexibility and backward compatibility without requiring reconfiguration through higher-layer signaling. To support this dynamic switching, it is proposed that a bit or flag is added to the DCI to indicate sub-PRB or legacy resource allocation.
Proposal 3: One bit is added to the DCI to indicate sub-PRB or legacy resource allocation. 
Currently, resource allocation in 6-0A and 6-0B includes an index of the narrowband and 5/3 bits to indicate the allocated PRBs within the narrowband. It would be desirable to keep the overhead the same for resource allocation when sub-PRB allocation is used. In this case, the following methods are proposed –
CE Mode A

The narrowband is given by 
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 MSB bits. Using 3-subcarrier and 6-subcarrier allocation, 6 bits would be needed to address all possible non-overlapping sub-PRB resource allocation. This would allow full scheduling flexibility. However, almost all possible non-overlapping sub-PRB resource allocation (i.e. 32 out of 36 possible allocations) within the narrowband can be addressed using 5 bits as shown in Table 1. Thus, it is better to use 5 bits. Further improvement can be considered, for instance, by including cell-specific PRB offset in Table 1 to allow for some randomization or management among different cells.
Table 1. Sub-PRB resource allocation within narrowband.
	Value of 5 LSB bits (L)
	Subcarrier assignment within narrowband

	0..23
	{3*L, 3*L+1, 3*L+2}

	24..31
	{6*(L-24), 6*(L-24)+1, …, 6*(L-24)+5}


Proposal 4: In CE Mode A, resource allocation is given by narrowband index and sub-PRB allocation within the narrowband as shown in Table 1. 
CE Mode B

The narrowband is given by 
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 MSB bits. To keep the same size for the resource allocation field as 6-0B, only 3 bits would be available. This is not sufficient to indicate the PRB index and allocation. Therefore, the index of the PRB within the NB to be used for sub-PRB allocation is given explicitly via higher-layer signalling or implicitly or predefined in the specification. For instance, the PRB can be indicated in the SIB, or determined based on the cell ID. Note that PRB index can also be confined with PRB 4 and 5 within the NB, which cannot be scheduled using 2 PRBs in 6-0B. A 3-bit table is then to indicate the sub-PRB allocation within the PRB as shown in Table 2.

Table 2. Sub-PRB resource allocation with PRB.
	Value of 3 LSB bits (L)
	Subcarrier assignment within PRB

	0..3
	{3*L, 3*L+1, 3*L+2}

	4..5
	{6*(L-4), 6*(L-4)+1, …, 6*(L-4)+5}


Proposal 5: In CE Mode B, resource allocation is given by narrowband index, PRB index and sub-PRB allocation within the PRB as shown in Table 2. The PRB index is signalled via higher-layer or predefined in the specification.
2.3 Power Control
For UE in CE Mode B, maximum transmit power is always used for the PUSCH. This can remain the same with sub-PRB allocation. For UE in CE Mode A, the UE transmit power (without a simultaneous PUCCH for the serving cell) is given by -
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Where MPUSCH,c(i) is the bandwidth of the PUSCH resource assignment expressed in number of resource blocks. When sub-PRB allocation is used, MPUSCH,c(i) can be scaled accordingly, i.e. to 1/2 for 6-subcarrier, 1/4 for 3-subcarrier allocation with QPSK, and 1/6 for 3-subcarrier allocation with Pi/2-BPSK. Alternately, the same power control formula can be used with MPUSCH,c(i) set to 1. Both solutions are feasible and depends on the initial setting for PO_PUSCH. An alternative solution is to always use maximum transmit power in CE Mode A, but it would be beneficial to allow power control for UE in CE Mode A. 
Proposal 6: UE in CE Mode B always uses maximum transmit power with sub-PRB allocation. FFS power control for UE in CE Mode A.
2.4 Sub-PRB Allocation in Msg3
In Rel-15, early data transmission during random access will be supported. Thus, for some UEs, data transmission can be completed without having to transition to connected mode. From a spectral efficiency improvement perspective, it would also be beneficial for those UEs to be able to use sub-PRB allocation. Indication of this capability can be done through the PRACH (e.g. preamble partitioning) in conjunction with request for early data transmission. Thus, it is proposed to also support sub-PRB allocation in Msg3.
Proposal 7: Support sub-PRB allocation in Msg3.
For sub-PRB resource allocation, it is possible that sub-PRB allocation is always used if UE indicates capability for sub-PRB transmission and eNB indicates sub-PRB support in the cell (e.g. by PRACH partitioning) [2]. However, it may not be ideal for the eNB to schedule Msg3 using sub-PRB allocation even if it is supported (e.g. due to PRB blocking issue). Thus, the eNB should have scheduling flexibility when deciding whether to use sub-PRB allocation. Therefore, one bit can be introduced in the RAR to indicate sub-PRB or PRB-level allocation. This could be e.g. by introducing one bit in the RAR grant itself or by reusing one of the reserved bits in the MAC PDU.

Resource allocation can be similar as described in Section 2.3. In CE Mode B, the narrowband index is indicated in the grant, while the PRB index within the NB to be used for sub-PRB allocation is given explicitly via higher-layer signalling or implicitly or predefined in the specification. Resource allocation within the PRB is given by Table 2. In CE Mode A, only 4 bits are available in the RAR grant and a subset of Table 1 can be used.

2.5 DMRS 
With respect to DMRS design, it was agreed to reuse NB-IoT DMRS sequences for 3-subcarrier and 6-subcarrier allocation with QPSK. However, for 3-subcarrier with Pi/2-BPSK, two alternatives have been proposed –‘
· Alt. 1: Each DMRS symbol is length-2 BPSK with DFT-S-OFDM

· Alt. 2: Each DMRS symbol is mapped to three sub-carriers

where Alt. 1 is the same modulation as data. Furthermore, it was agreed that the PAPR of the DMRS symbols should be roughly the same as the PAPR of the data symbol, and that cross-correlation properties of the DMRS need to be considered in the design. To keep PAPR low (equivalent to that of the data), it is not preferred to map to 3 subcarriers even if we can reuse NB-IoT design. Therefore, it is proposed to adopt Alt. 1.

Proposal 8: For 3-subcarrier with Pi/2-BPSK, each DMRS symbol is length-2 BPSK with DFT-S-OFDM.
2.6 UCI Piggybacking
In RAN1#91, it was agreed that UCI Piggybacking on PUSCH with sub-PRB allocation is not supported. Typically, UCI has higher important than PUSCH (e.g. ACK/NACK, CQI, SR) and should be prioritized. This is also the legacy behavior for eMTC. Note that it might be possible to postpone PUSCH instead. However, this option is not preferred due to added complexity at the scheduler. Therefore, it is proposed that PUSCH is dropped when there is UCI to transmitted.

Proposal 9: UE drops PUSCH transmission in subframes that collide with PUCCH.

3 Conclusions

In this contribution, we consider the design of sub-PRB allocation and make the following proposals –
Proposal 1: RU length is 8ms for 3-subcarrier using Pi/2-BPSK.

Proposal 2: A maximum of 4 resource units (RUs) is supported in CE Mode B.

Proposal 3: One bit is added to the DCI to indicate sub-PRB or legacy resource allocation. 
Proposal 4: In CE Mode A, resource allocation is given by narrowband index and sub-PRB allocation within the narrowband as shown in Table 1. 
Proposal 5: In CE Mode B, resource allocation is given by narrowband index, PRB index and sub-PRB allocation within the PRB as shown in Table 2. The PRB index is signalled via higher-layer or predefined in the specification.
Proposal 6: UE in CE Mode B always uses maximum transmit power with sub-PRB allocation. FFS power control for UE in CE Mode A.

Proposal 7: Support sub-PRB allocation in Msg3.

Proposal 8: For 3-subcarrier with Pi/2-BPSK, each DMRS symbol is length-2 BPSK with DFT-S-OFDM.

Proposal 9: UE drops PUSCH transmission in subframes that collide with PUCCH.
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