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Sub-PRB resource allocation as a technique to increase PUSCH spectral efficiency was discussed in RAN1#90bis with the following agreements reached [1]:
Agreement:
· 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
Agreement:
· 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.
As RAN1 will prioritize optimization of sub-PRB for CE mode B over optimization of sub-PRB for CE mode A, we will further discuss the sub-PRB resource allocation for CE mode B in this contribution, as well as the support of sub-PRB allocation in Msg3. 
Sub-PRB allocation for CE mode B
Supported number of subcarriers
Since sub-PRB allocation has already been supported in Rel-13 NB-IoT, it is preferred to reuse much of that design, where appropriate. For 15 kHz subcarrier spacing, 1, 3, 6 and 12 subcarriers are supported to be allocated in frequency domain in NB-IoT. Note that 12 subcarriers allocation is already supported by PRB level resource allocation in (f)(e)MTC. In the WID of eFeMTC [2], single subcarrier resource allocation was not included in the only provided example of sub-PRB resource allocation:
· 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.
In any case, eMTC and its evolutions in Rel-14 and Rel-15 target mid- to high-end IoT services. Using a single subcarrier resource allocation would result in much longer time duration for a TB transmission, and very low data rates, making it unsuitable for eMTC use cases. For eFeMTC which shall serve a larger data rate, it is not appropriate to support 1 subcarrier resource allocation. Three subcarriers and six subcarriers resource allocation can be supported for eFeMTC in a similar way as NB-IoT. For the length of resource unit (RU), 3 subcarriers allocation corresponds to the RU of 4 ms, and 6 subcarriers allocation corresponds to the RU of 2 ms.
In [3], it was suggested to support to allocate 4 subcarriers with the corresponding RU length 3 subframes considering the sub-PRB allocation in TDD, to avoid the gap caused by non-contiguous UL subframes appearing in the middle of a RU. However, if cyclic repetition similar as specified in NB-IoT is adopted in eFeMTC for coverage enhancement, a RU would be transmitted in more subframes when 2 slots’ mapped data is repeated before continuing the mapping. In this case, the RU mapping would have to be performed over non-contiguous UL subframes. Moreover, time domain channel estimation combining benefit brought by 4 subcarriers*3 subframes RU has the constraint that the RU should start at a certain UL subframe and frequency should not hop during the RU mapping. Taking into consideration the constraints, the benefits would be gone when combined with other techniques, so it is not necessary to support different number of subcarriers for TDD comparing with the number of subcarriers supported for FDD.
Proposal 1: Support only 3 subcarriers and 6 subcarriers sub-PRB allocation for eFeMTC. 
Resource allocation
As is agreed for sub-PRB allocation in connected mode, the sub-PRB feature is configured/enabled by RRC signaling. When the sub-PRB feature is configured/enabled, DCI should be able to allocate sub-PRB by a new resource assignment field. To have a flexible scheduling of the resource based on the UE’s requirement of data rate/latency and the system load, dynamic switching between the sub-PRB allocation and the conventional PRB level allocation should be supported. In the current (f)eMTC, DCI format 6-0B can allocate 1 PRB or 2 PRBs for PUSCH. So the new resource assignment field should support to allocate 1 PRB, 2 PRBs, 3 subcarriers and 6 subcarriers for PUSCH in eFeMTC.
Proposal 2: The new resource assignment field defined in Rel-15 for eFeMTC should support 1 PRB, 2 PRBs, 3 subcarriers, and 6 subcarriers resource allocation for PUSCH.

The current resource block assignment field in DCI format 6-0B utilizes a hierarchical resource allocation method, which includes   bits to indicate the narrowband index and 3 bits to provide the PRB allocation within the indicated narrowband. If a similar hierarchical resource allocation method is used for the new resource assignment field, it will include the following bits to indicate the allocated frequency resource:
· 
Narrowband index indication:  bits which follow the current (f)eMTC narrowband indication method. 

· PRB allocation within the indicated narrowband: 3 bits which follow the current (f)eMTC PRB indication method. 
· Subcarrier allocation within one indicated PRB: Following the NB-IoT design to allocate non-overlapped 3 subcarriers or 6 subcarriers in a PRB, there are 4+2 allocation ways in total, needing 3 bits to indicate. These bits are reserved when the PRB allocation bits indicate 2 PRBs. When the PRB allocation bits allocate 1 PRB, 6 states are used to indicate the allocated subcarriers within the PRB and one of the other two states indicates it is a whole-PRB allocation. 

It can be seen the total number of bits is +6 (not including the bits to indicate the number of resource units), which is 3 bits more than the Rel-13 resource block assignment field. To reduce the resource allocation overhead we can consider a limited flexibility resource allocation, such as restricting sub-PRB allocation to some predefined PRBs. We can have:
· 
Narrowband index indication:  bits which follow the current (f)eMTC narrowband indication method. 
· Flag for sub-PRB allocation and PRB allocation differentiation: 1 bit. When the bit indicates PRB allocation, 3 bits are used to indicate PRB allocation within the narrowband following the current (f)eMTC PRB indication method. When the bit indicates sub-PRB allocation, the 3 bits are used as below.
· Subcarrier allocation within the indicated narrowband: 3 bits. The 3 or 6 subcarriers allocated can be restricted to PRB 4 and 5 in a narrowband. As for the current PRB allocation within the indicated narrowband, PRB 0 and 1 or PRB 2 and 3 are allocated for 2 PRBs allocation, such restriction for sub-PRB allocation can avoid the impact caused by allocating sub-PRB resource on 2 PRBs allocation. An example of using the 3 bits to indicate subcarriers within the narrowband is shown in the following table.
Table 1 Three bits for sub-PRB allocation within the indicated narrowband
	3-bit state
	PRB index within the narrowband
	Subcarrier indices within the PRB

	000
	5
	0 1 2

	001
	5
	3 4 5

	010
	5
	6 7 8

	011
	5
	9 10 11

	100
	4
	0 1 2 3 4 5

	101
	4
	6 7 8 9 10 11

	110
	5
	0 1 2 3 4 5

	111
	5
	6 7 8 9 10 11



In this method, only 1 additional flag bit is required to allocate 3 or 6 subcarriers. The proposal is:
Proposal 3: Use one additional bit as a flag for sub-PRB allocation and PRB allocation differentiation. If the flag indicates sub-PRB allocation, 3 bits are used to indicate 3 or 6 subcarriers in PRB 4 or 5 within the indicated narrowband. 
MCS/TBS, number of RUs allocated per TB
In (f)eMTC only QPSK is supported for UEs in CE mode B. Thus the sub-PRB allocation adopted in CE mode B can only support QPSK. It is the same in NB-IoT, where only QPSK is supported for multi-tone NPUSCH transmission.
The maximum PUSCH TBS in (f)eMTC for UEs in CE mode B is 1000 bits, which is also the same as the maximum TBS for NPUSCH supported in NB-IoT. In order not to cause more segmentation overhead for a packet and maintain the Turbo coding gain for the large TBS, it is preferred sub-PRB allocation can also support maximum 1000 bits TBS in CE mode B. 

If a TB is supported to map to only one RU, in which the number of REs included is the same as in one PRB, the maximum TBS supported will be limited to 504 bits assuming the (f)eMTC TBS determination method for one PRB in CE mode B with  is reused. To support larger maximum TBS, multiple RUs for a TB to map need to be supported. 

In NB-IoT, a TB can be mapped to maximum 10 RUs. If the sub-PRB allocation in Rel-15 eFeMTC supports the same number of RUs for a TB, additional 3 bits are needed to indicate the allocated RU number. However in CE mode B, we should minimize the bit increase to support sub-PRB allocation. An alternative is to support the maximum 2 RUs allocated for a TB, which needs only one additional bit to indicate. By taking the number of RUs as the number of PRBs and reusing the (f)eMTC TBS determination method in CE mode B with , the maximum 1000 bits TBS can also be supported.
Proposal 4: Sub-PRB allocation in CE mode B supports only QPSK, a maximum 1000 bits TBS, and maximum 2 RUs allocated per TB.
Frequency hopping support
For the deep coverage scenario, coverage enhancement techniques also need to be supported for sub-PRB allocation. Frequency hopping is one of the techniques specified in (f)eMTC for coverage enhancement, which should be inherited for sub-PRB allocation to acquire the frequency hopping gain on top of sub-PRB allocation.
Proposal 5: Frequency hopping should be supported for sub-PRB allocation.
RE mapping and the number of repetition
Repetition is another technique for coverage enhancement also utilized in sub-PRB allocation. As the maximum total number of (valid) subframes of transmission for sub-PRB allocation is agreed as 2048 subframes for CE Mode B, the repetition number configured in (f)eMTC can be regarded as the number of (valid) subframes of transmission for sub-PRB allocation, and the minimum number 1 should be replaced by 2 which is for 6 subcarriers and 1 RU allocation. The number of repetitions for sub-PRB allocation then can be calculated by max{1,  }. For example, if the number of valid subframes is indicated as 2048, then for a TB mapped to 1 RU of length 4 ms, the number of repetitions is max(1, 2048/(4 × 1)) = 512.
Proposal 6: The number of repetitions for sub-PRB allocation is calculated by:
max {1, },
where the number of (valid) subframes of transmission reuses the repetition number values configured in (f)eMTC, with  the minimum number 1 replaced by 2.
In NB-IoT which supports sub-PRB allocation, the RE mapping for the repetition is realized by using cyclic repetition as illustrated in Figure 1. In each cycle, each subframe/slot in the allocated resources is repeated consecutively for certain times before continuing the mapping. One RV is used in each cycle. After one cycle of one RV, the other RV is used. The cyclic repetition used in NB-IoT can enable symbol combining between subframes and early termination [4]. For sub-PRB allocation introduced for eFeMTC, as it would reuse the concept of RU, the cyclic repetition design in NB-IoT can also be reused to obtain the same merit.

Figure 1 Cyclic repetition illustration
Proposal 7: Cyclic repetition designed in NB-IoT is reused for sub-PRB allocation in eFeMTC.
Sub-PRB allocation for Msg3
For PUSCH carrying Msg3 during random access procedure, the spectral efficiency will be increased by supporting the sub-PRB allocation. As early UL data transmission in Msg3 from a BL/CE UE is considered to be feasible [1], supporting sub-PRB for Msg3 can also have advantages for early data transmission.
The most straightforward way for the eNB to know whether the UE has the capability to support sub-PRB allocation is through PRACH partitioning, which means reserving PRACH resource for the indication of supporting sub-PRB allocation before Msg3. PRACH partitioning used to indicate UE’s intention (and thus capability) to use early data transmission in Msg3 was agreed in the last RAN2 meeting [5]. A concern for the PRACH partitioning is it will bring more PRACH resource divisions. If there were PRACH partitions for each capability and their combinations, there would be too much impact on PRACH capacity. Even if we assume that support of sub-PRB implies support of EDT, thus removing one partition, we still need 3 partitions (for: no support for EDT nor sub-PRB, support of EDT, and support of sub-PRB with associated EDT), and we have to bundle together two independent capabilities.
Alternatively, as eNodeB does not know the UE’s capability, it can allocate the resource for Msg3 blindly and detect Msg3 in two resource allocation ways assuming the UE will interpret the resource allocation in either sub-PRB way or PRB way, which is another way to avoid more PRACH resource divisions. 
Proposal 8: Sub-PRB allocation should be supported for Msg3. 
Conclusion
This contribution discusses the sub-PRB allocation technique to increase PUSCH spectral efficiency for CE mode B and Msg3 with the following proposals:
Proposal 1: Support only 3 subcarriers and 6 subcarriers sub-PRB allocation for eFeMTC. 
Proposal 2: The new resource assignment field defined in Rel-15 for eFeMTC should support 1 PRB, 2 PRBs, 3 subcarriers, and 6 subcarriers resource allocation for PUSCH.
Proposal 3: Use one additional bit as a flag for sub-PRB allocation and PRB allocation differentiation. If the flag indicates sub-PRB allocation, 3 bits are used to indicate 3 or 6 subcarriers in PRB 4 or 5 within the indicated narrowband. 
Proposal 4: Sub-PRB allocation in CE mode B supports only QPSK, a maximum 1000 bits TBS, and maximum 2 RUs allocated per TB.
Proposal 5: Frequency hopping should be supported for sub-PRB allocation.
Proposal 6: The number of repetitions for sub-PRB allocation is calculated by:
max {1, },
where the number of (valid) subframes of transmission reuses the repetition number values configured in (f)eMTC, with  the minimum number 1 replaced by 2.
Proposal 7: Cyclic repetition designed in NB-IoT is reused for sub-PRB allocation in eFeMTC.
Proposal 8: Sub-PRB allocation should be supported for Msg3. 
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