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1 Introduction

In RAN1#90, it was agreed that –

· Sub-PRB allocation method shall be specified 

In RAN1#90bis, it was agreed that –

· 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 provide details on remaining design for PUSCH sub-PRB allocation.

2 Design of Sub-PRB Allocation
2.1 Sub-PRB Allocation Support in CE Mode A
In RAN1#91, sub-PRB support in CE Mode A was agreed as a working assumption. As noted in [1], sub-PRB allocation can improve spectral efficiency significantly even in CE Mode A. Figure 1 illustrates link and system-level benefits for sub-PRB allocation in CE Mode A. In Figure 1(a), link-level result is shown (see [1] for detailed simulation assumptions). Here, the required SNR at 10% BLER is 0.7 and -5.2 dB for 3 and 12 subcarriers respectively. The corresponding MCL is 144.8 and 144.6 dB for 3 and 12 subcarriers respectively. From Figure 1(a), significantly less resource is required for the same coverage, which can lead to improved PUSCH spectral efficiency (e.g. 4 users using 3 tones each can be multiplexed into one PRB where 4 PRBs would be required otherwise).
This improved in spectral efficiency is confirmed in Figure 1(b), which illustrates system-level performance result with and without sub-PRB allocation in CE Mode A. The figure shows resource utilization per PRB using TR 45.820 scenario and assumptions.  The number of users per PRB per cell in this case is 137K. Note that performance is evaluated using only 1 PRB to reduce simulation time. From Figure 1(b), it is seen that supporting sub-PRB allocation in CE Mode A can result in increased capacity. In this case, the average resource utilization improves from 74% to 65% when sub-PRB allocation in CE Mode A is supported. Therefore, it is proposed to confirm the working assumption from RAN1#90bis to support sub-PRB allocation in CE Mode A.
Proposal 1: Confirm RAN1#90bis working assumption that sub-PRB shall be supported in CE Mode A.
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Figure 1. PUSCH performance benefits with sub-PRB allocation in CE Mode A.

2.2 Number of Subcarriers

In RAN1#91, it was agreed that rate matching is performed across a resource unit (RU) spanning multiple subframes and the RU length depends on number of subcarriers in the sub-PRB allocation. Reusing NB-IoT design has several advantages including the ability to support single-tone transmission, support of larger TBS values (which can result in lower higher-layer overhead as well as CRC overhead), self-decodable transmission without requiring repetitions (which can avoid some error cases), and the ability to share implementation design with NB-IoT. 
With the proposal to reuse NB-IoT resource unit design principle, it can be considered whether the number of subcarriers should be the same as NB-IoT. From NB-IoT design, 6-subcarrier allocation has 2ms resource unit, while 3-subcarrier allocation has 4ms resource unit. This provides the same number of resource elements as 1 PRB and is a natural fit for legacy eMTC implementation design both from coding/mapping perspective as well as the total transmission time. For instance, when considering the number repetition in eMTC, the total transmission time in many cases can remain equivalent (e.g. 3-subcarrier allocation repeated 192 times would be 768ms). If we consider other allocation e.g. 4-subcarrier, then the resource unit will span 3ms which may not line up well with existing possible transmission times.
With respect to single-subcarrier allocation, using single-subcarrier allocation would provide increased capacity as the system would use less resources to serve coverage-limited UEs. Figure 2 shows resource utilization per PRB with and without single-subcarrier transmission. The simulation scenario and assumptions are based on TR 45.820 and the number of users per PRB per cell in this case is 137K. Note that performance is evaluated using only 1 PRB to reduce simulation time. From Figure 2, it is seen that supporting single-subcarrier transmission can result in increased capacity. In this case, the average resource utilization without single-subcarrier is 65% and with single-subcarrier is 46%. Note that without sub-PRB allocation, resource utilization is 100% and the system cannot support 137K users per PRB per cell. 
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Figure 2. Resource utilization with and without single-subcarrier allocation.
If single-subcarrier is supported, the RU length would be 8ms following NB-IoT design. From a resource mapping and rate matching perspective, this may not match well with 3-subcarrier and 6-subcarrier allocation as the number of available REs is not fully matched to 1 PRB. Furthermore, the resource allocation design may need to be substantially revised to support single-subcarrier in addition to 3-subcarrier and 6-subcarrier. Thus, although single-subcarrier can provide good capacity gain, the specification impact may be significant. Thus, it is proposed that support at least 3-subcarrier and 6-subcarrier allocation in Rel-15.
Proposal 2: Support 3-subcarrier and 6-subcarrier allocation. 
2.3 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.
2.4 Number of Resource Units
As agreed in RAN1#90bis, sub-PRB rate matching is performed across an RU spanning multiple subframes and the RU length depends on the number of subcarriers in the sub-PRB allocation. For 3-subcarrier and 6-subcarrier allocation, it is proposed to reuse the RU length from NB-IoT. Hence, the RU length would be 4ms and 2ms, respectively.
Proposal 6: RU length is 2ms for 6-subcarrier and 4ms for 3-subcarrier.
It is FFS whether more than one RU is allocated per transport block. In NB-IoT a transport block can be mapped to {1,2,3,4,5,6,8,10} resource units. This allows TBS up to 1000 bits to be supported. However, it requires 3 bits in the DCI. If only 1 RU is used per transport block, then currently up to 504 bits can be supported using the TBS for CE Mode B as shown in Table 3. To support up to 1000 bits, 2 RUs would be needed per transport block. This would required one additional bit in the DCI as well as increased implementation complexity. However, it would be beneficial to be able to support up to 1000 bits as well as larger TBS for the same ITBS to reduce segmentation overhead. Therefore, it is proposed to support 1 and 2 resource units per TBS. With respect to the TBS table, the supported TBS table for CE Mode B can be reused. In this case, only QPSK is supported. This is not expected to have significant impact to performance as legacy resource allocation supporting 16QAM can be used for UE in good radio condition.
Proposal 7: Support mapping of transport block across one and two resource units. Reuse CE Mode B TBS as shown in Table 3.
Table 3. TBS table for sub-PRB allocation.
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	Number of RU

	
	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
	1032


2.5 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 and 1/4 for 3-subcarrier allocation.
Proposal 8: UE in CE Mode A uses legacy power control formula with MPUSCH,c(i) = {1/4, 1/2} for 3-subcarrier and 6-subcarrier allocation.
Proposal 9: UE in CE Mode B always uses maximum transmit power with sub-PRB allocation.

2.6 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 10: 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.

3 Conclusions

In this contribution, we consider the design of sub-PRB allocation and make the following proposals –
Proposal 1: Confirm RAN1#90bis working assumption that sub-PRB shall be supported in CE Mode A.
Proposal 2: Support 3-subcarrier and 6-subcarrier allocation. 
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: RU length is 2ms for 6-subcarrier and 4ms for 3-subcarrier.

Proposal 7: Support mapping of transport block across one and two resource units. Reuse CE Mode B TBS as shown in Table 3.
Proposal 8: UE in CE Mode A uses legacy power control formula with MPUSCH,c(i) = {1/4, 1/2} for 3-subcarrier and 6-subcarrier allocation.
Proposal 9: UE in CE Mode B always uses maximum transmit power with sub-PRB allocation.

Proposal 10: Support sub-PRB allocation in Msg3.

4 References

[1] R1-1717225, “Design of PUSCH Sub-PRB Allocation,” Nokia, Nokia Shanghai Bell, RAN1#90bis, Prague, Czech Republic.
[2] R1-1720127, “Data transmission during random access procedure,” Nokia, Nokia Shanghai Bell, RAN1#91, Reno, USA.

_1488823311.unknown

_1570517250.unknown

_1488822640.unknown

