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1 Introduction

In RAN1 #91 meeting, the following working assumption and agreements were made to improve the PUSCH spectral efficiency for efeMTC [1]:
Working assumption:
· For Sub-PRB transmissions the following shall be supported:

· Option 1 includes only the following

· 6 subcarriers with QPSK modulation

· 3 subcarriers with QPSK modulation

· 2 subcarriers with Pi/2 BPSK modulation

· Option 2 includes only the following

· 4 subcarriers with QPSK modulation

· 2 subcarriers with Pi/2 BPSK modulation

· Option 3 includes only the following

· 6 subcarriers with QPSK modulation

· 3 subcarriers with QPSK modulation

· Select one of options 1, 2 and 3
Agreement:
Confirm the above WA and choose option 1 with the following changes: 

· 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

Agreement:
· 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.

Agreement:
· 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

Agreement:
· UCI Piggybacking on PUSCH with sub-PRB allocation is not supported.

· FFS: which UL channel is dropped

In this contribution, we discuss about the design of sub-PRB PUSCH for efeMTC, including the applicable cases, MCS/TBS design, DMRS design, frequency hopping support, repetition design, resource allocation indication and collision handling for the sub-PRB PUSCH.
2 Design of sub-PRB PUSCH for efeMTC

In this section, we begin with the discussion of applicable cases, and then provide physical design details to support sub-PRB allocation for PUSCH in efeMTC.

2.1 Applicable cases
Recall that larger PUSCH channel BW is supported in Rel-14 feMTC. The main motivation for configuring larger PUSCH channel BW (e.g. 5 MHz) is to improve the data rate, to cater to applications requiring high data rate, e.g. voice capable wearable devices and health monitoring devices, etc. On the other hand, the sub-PRB allocation is expected to bring benefits primarily in terms of system spectral efficiency and thereby user capacity, considering PUSCH transmission from UEs in deep coverage. Thus, we do not see the need to support sub-PRB allocation for UEs configured with max PUSCH channel BW larger than 1.4 MHz. 

Moreover, the configuration of sub-PRB should depend on the UE capability. For message 3 (Msg3) in the random access procedure to establish the RRC connection, the eNB is not aware of the UE capability yet. There were some proposals to enable sub-PRB allocation for Msg3. One method is to indicate the support of sub-PRB for Msg3 via PRACH partitioning. However, PRACH partitioning has been agreed for the indication of support of early data transmission during random access procedure [2]. Further PRACH partitioning may result in system capacity degradation, which should be considered jointly with the early data transmission enhancement. Another method is to transmit two UL grants in RAR either explicitly or implicitly, with one grant for scheduling of legacy Msg3 and the other for scheduling of Msg3 with sub-PRB allocation. For explicit transmission of two UL grants, a larger TBS is needed for RAR which may impact the RAR reception performance, and there are changes needed in RAR format which would impact the backward compatibility. Even for implicit transmission of two UL grants by reinterpreting the resource allocation field for sub-PRB allocation, the same amount of resources need to be reserved for Msg3 transmission regardless of whether it is legacy resource allocation in granularity of PRB or sub-PRB allocation, which results in no gain in UL spectral efficiency. Therefore, it is not preferred to support sub-PRB allocation for Msg3.

Observation 1:

· The sub-PRB allocation for Msg3 results in the following impact:
· The impact on system capacity, if PRACH partitioning is used to indicate the UE capability of sub-PRB allocation support for Msg3.

· The impact on RAR, including the RAR design, RAR reception performance and backward compatibility.

· The impact on achievable PUSCH spectral efficiency improvement, if two UL grants are used with one for scheduling Msg3 with legacy resource allocation and the other for scheduling Msg3 with sub-PRB allocation. 
Proposal 1:
· The sub-PRB allocation is supported only for UEs configured with max PUSCH channel BW of 1.4 MHz.
· The sub-PRB allocation is not supported for Msg3.
2.2 MCS/TBS design 
As sub-PRB allocation is supported in Rel-13 NB-IoT already, it is preferred to reuse as many designs from NB-IoT on sub-PRB allocation as possible, to minimize the specification effort. Following this principle, RU for PUSCH allocation with 2 out of 3 subcarriers, with 3 subcarriers and with 6 subcarriers can be defined to 6ms, 4ms and 2ms, respectively.

Recalling that Rel-13 eMTC supports max TBS of 1000 bits, it is preferred to support at least 1000 bits for sub-PRB PUSCH as well. The Rel-13 eMTC TBS table can be the design baseline for sub-PRB PUSCH, by updating the number of PRBs NPRB to the number of RUs NRU. As discussed in Section 2.6, to minimize the DCI size, the RU values indicated by DCI can be limited to one or two values. For CE mode A, to be able to schedule the max TBS of 1000 bits, sub-PRB PUSCH should at least support 4 RUs. For CE mode B, similar as Rel-13 eMTC, the number of RUs can be 1 or 2, where the corresponding TBS can be determined by the columns with NRU of 3 or 6 respectively. To have maximum of 1000 bits for CE mode B, sub-PRB PUSCH in CE mode B should at least support 2 RUs. 
Proposal 2:
· RU length for PUSCH allocations with 2 out of 3 subcarriers, 3 subcarriers and 6 subcarriers is 6ms, 4ms and 2ms, respectively.
· TBS for sub-PRB allocation is based on eMTC TBS tables, by changing the number of PRBs to the number of RUs. 
· Sub-PRB allocation shall support a maximum TBS of at least 1000 bits. 

· To support maximum TBS of at least 1000 bits, the following number of RUs should at least be supported:

· Sub-PRB PUSCH in CE mode A should at least support 4 RUs.

· Sub-PRB PUSCH in CE mode B should at least support 2 RUs. 
2.3 DMRS design
The DMRS sequence for PUSCH in efeMTC with 3-subcarrier and 6-subcarrier allocations can reuse the length-3 and length-6 DMRS sequences defined in Rel-13 NB-IoT, respectively. For PUSCH with 2 out of 3 allocated subcarriers, there are three alternatives as follows. 
Alternative 1. The DMRS sequence can be based on length-3 DMRS defined in NB-IoT systems. The puncturing of length-3 DMRS to length-2 DMRS may break the good cross-correlation property of the DMRS sequences and is not preferred. Thus, UE transmits the length-3 DMRS sequence on the 3 allocated subcarriers. This may be applied when the 3 allocated subcarriers are non-overlapped, as what was defined in NB-IoT. For the cases where the 3 allocated subcarriers can be overlapped, the DMRS transmission among different UEs may cause interference to each other, which would degrade the channel estimation performance. 

Alternative 2. The DMRS sequence can be based on length-6 DMRS defined in NB-IoT systems. The UE transmits the length-6 DMRS over the 6 subcarriers which include the 2 subcarriers with actual PUSCH transmission. The 6 subcarriers are non-overlapped as defined in NB-IoT. To multiplex 3 UEs with 2-subcarrier PUSCH transmission in the same set of 6 subcarriers, DMRS sequences with different cyclic shifts and base sequence indices can be used for different UEs. Recall that the cyclic shift and base sequence index are cell specific in NB-IoT. To support UE multiplexing, the cyclic shift or the base sequence index should be updated to UE specific, which can be indicated by DCI or RRC signaling. This alternative requires less specification work given that the length-6 DMRS sequence has been defined in Rel-13 NB-IoT. However, it may increase the DCI size if the cyclic shift or base sequence index is indicated by DCI, or reduce the scheduling flexibility if the cyclic shift or base sequence index is indicated by RRC signaling. Moreover, the inter-cell interference would be impacted as cyclic shift and base sequence index becomes UE-specific.  
Alternative 3. A new length-2 DMRS sequence can be introduced, mapping to the 2 out of 3 allocated subcarriers where PUSCH is transmitted. With this option, UE can be multiplexed in the frequency domain. In addition, similar to NB-IoT system, the cyclic shift and base sequence index can be cell specific to reduce the inter-cell interference. There is no need to introduce additional bits in DCI or RRC signaling as in Alternative 2. However, as the DMRS becomes shorter, less number of sequences can be supported, which may impact the inter-cell interference.  
As discussed in Section 2.6, to achieve efficient resource utilization, it is preferred to support overlapped 3-subcarreir allocation. Also, it is preferred to keep DCI as compact as possible and to limit the impact on the scheduling flexibility. Therefore, it is preferred to adopt Alternative 3. 
Regarding the DMRS location, it can be located in the same symbol as in legacy PUSCH design, i.e. in the middle symbol of each slot. 
Proposal 3:
· For PUSCH with 3 subcarriers and 6 subcarriers, reuse length-3 and length-6 DMRS sequence in Rel-13 NB-IoT.

· For PUSCH with 2 out of 3 allocated subcarriers, introduce a new length-2 DMRS sequence.
· DMRS is located in the middle symbol of each slot. 
2.4 Frequency hopping
Frequency hopping across different NBs can provide significant link-budge gains from frequency diversity, which is crucial for coverage enhancement. Thus, it is preferred to support frequency hopping for sub-PRB PUSCH as well. The frequency hopping mechanism in Rel-13 eMTC can be applied, where frequency hopping offset is in unit of NB, and the subcarriers allocated for sub-PRB PUSCH transmission within the NB before frequency hopping and the subcarriers for sub-PRB PUSCH transmission within the NB after frequency hopping can be the same.  
Proposal 4:
· Support frequency hopping for sub-PRB PUSCH. 

· Rel-13 eMTC frequency hopping mechanism can be applied. 

2.5 Repetition design 

In Rel-13 NB-IoT and eMTC, symbol-level combining is supported for both NPUSCH and PUSCH in CE mode B, which can provide better performance in deep coverage scenario and facilitate frequency offset compensation. With the same motivation, it is preferred to support symbol-level combining for sub-PRB PUSCH in CE mode B. 
To support symbol-level combining for sub-PRB PUSCH, the cyclic repetition in NB-IoT can be the design baseline. Note that with NB-IoT cyclic repetition, the start of each cycle is with respect to the first scheduled subframe, while the frequency hopping interval in eMTC is based on absolute SFN. The misalignment between NB-IoT cyclic repetition and frequency hopping interval may result in limited number of subframes that can be symbol-level combined. Therefore, it is preferred to extend the cyclic repetition in NB-IoT by changing the start of each cycle based on absolute SFN. Then the symbol-level combining can be performed across the subframes that belong to the same cycle on the same hopped NB.
Regarding the indication of number of repetitions, it can be indicated in a similar way as in Rel-13 eMTC, by reinterpreting the indicated repetitions scaled by the number of RUs and the number of subframes per RU. 
Proposal 5:
· Support cyclic repetition for sub-PRB PUSCH.

·  The cyclic repetition can be based on absolute SFN to better align with frequency hopping. 

2.6 Resource allocation method
To support both sub-PRB allocation and allocation of at least 1 PRB, and to reduce number of RRC reconfigurations, it is preferred to use 1 bit in the DCI to differentiate the sub-PRB allocation and legacy allocation in granularity of one PRB. 

To minimize the number of required repetitions for MPDCCH and to improve the DCI detection performance, it is preferred to keep the DCI size as small as possible, e.g., comparable to the size of DCI format 6-0A/6-0B. The resource allocation method in Rel-13 eMTC can be considered as the design baseline. In Rel-13 eMTC, a hierarchical resource allocation method is adopted, where at the higher level the NB index is indicated, and in the lower level the RB allocation within the NB is indicated. Similarly, a hierarchical resource allocation method can be used for PUSCH sub-PRB allocation:
· First, the allocated NB index within the system BW is indicated, following the Rel-13 eMTC NB indication method. 

· Further, the PRB within the NB can be (explicitly or implicitly) indicated. 

· Last, the subcarrier allocation within the PRB can be indicated. 
Recall that 
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 bits are used in DCI format 6-0A and 6-0B for indication of NB index, while 5 and 3 bits are used for indication of PRB allocation within the NB in eMTC CE mode A and CE mode B, respectively. The indication of NB index can be the same as Rel-13 eMTC. 

For PRB indication within the NB, the PRB allocation candidates can be limited to reduce the number of required bits for the indication. For example, 1 bit can be used to indicate one out of two PRB candidates, or the PRB allocation can be implicitly indicated, e.g., predefined to be the starting or ending PRB of the indicated NB. 

For subcarrier allocation within the allocated PRB, similar to Rel-13 NB-IoT, the subcarrier allocation for PUSCH with 3 and 6 subcarriers can be non-overlapped. There are 4 non-overlapped 3-subcarrier allocations (i.e., {0, 1, 2}, {3, 4, 5}, {6, 7, 8} and {9, 10, 11}) and 2 non-overlapped 6-subcarrier allocations (i.e., {0, 1, …, 5} and {6, 7, …, 11}). On the other hand, for PUSCH with 2 out of 3 allocated subcarriers, if these 3 allocated subcarriers cannot be overlapped for different UEs, the resource utilization would be inefficient as 1 out of 3 subcarriers is wasted. To improve the resource utilization efficiency, it is preferred to allow the 3 subcarriers overlapped for UEs scheduled with 2 out of 3 subcarriers. Thus, there are 6 possible non-overlapped 2-subcarrier allocations (i.e., {0, 1}, {2, 3}, {4, 5}, {6, 7}, {8, 9} and {10, 11}). In summary, to indicate total of 12 possible subcarrier allocations, 4 bits are needed. 
For the indication of number of RUs, in Rel-13 NB-IoT, 3 bits are used in DCI format N0 to indicate number of RUs from {1, 2, 3, 4, 5, 6, 8, 10}. To reduce the DCI size, a subset of {1, 2, 3, 4, 5, 6, 8, 10} can be supported for number of RUs in efeMTC. For example, there can be one or two supported number of RUs for sub-PRB PUSCH in each CE mode, and the set of supported number of RUs can be predefined or semi-statically configured by higher layers.
Proposal 6:
· Adopt a hierarchical resource allocation for sub-PRB PUSCH:
· Indicate NB index as in Rel-13 eMTC.

· PRB is (explicitly/implicitly) indicated within the NB.

· Subcarrier allocation within the PRB is further indicated.
Proposal 7:
· Use DCI formats 6-0A and 6-0B as the starting point for DCI design of sub-PRB PUSCH in CE mode A and CE mode B, respectively. 
· Strive to design the DCI so as to not increase the size much, if at all, compared to DCI format 6-0A/6-0B, for sub-PRB PUSCH in efeMTC. 

· 1 bit indictor is used in the DCI to differentiate sub-PRB allocation and legacy resource allocation with granularity of one PRB. 

· Consider to limit the PRB allocation candidates within the NB, e.g. two candidates or implicit indication.

· 4 bits are used to indicate the non-overlapped 2-subcarrier, 3-subcarrier and 6-subcarrier allocations.

· Consider to limit the supported number of RUs, e.g. one or two values per CE mode, to reduce DCI size. 

2.7 Collision handling

When the sub-PRB PUSCH transmission collides with other transmissions such as PRACH resources or PUCCH transmission, it is preferred to follow Rel-13 eMTC design and drop the PUSCH transmission on the colliding subframe(s).

Proposal 8:

· Drop sub-PRB PUSCH transmission in subframes that collide with PRACH resources or PUCCH transmitted by the UE.
3 Conclusion

In this contribution, we provide the design details on various aspects for sub-PRB allocation in efeMTC. We summarize our views with the following observation and proposals:
Observation 1:

· The sub-PRB allocation for Msg3 results in the following impact:
· The impact on system capacity, if PRACH partitioning is used to indicate the UE capability of sub-PRB allocation support for Msg3.

· The impact on RAR, including the RAR design, RAR reception performance and backward compatibility.

· The impact on achievable PUSCH spectral efficiency improvement, if two UL grants are used with one for scheduling Msg3 with legacy resource allocation and the other for scheduling Msg3 with sub-PRB allocation. 
Proposal 1:

· The sub-PRB allocation is supported only for UEs configured with max PUSCH channel BW of 1.4 MHz.
· The sub-PRB allocation is not supported for Msg3.
Proposal 2:

· RU length for PUSCH allocations with 2 out of 3 subcarriers, 3 subcarriers and 6 subcarriers is 6ms, 4ms and 2ms, respectively.
· TBS for sub-PRB allocation is based on eMTC TBS tables, by changing the number of PRBs to the number of RUs. 
· Sub-PRB allocation shall support a maximum TBS of at least 1000 bits. 

· To support maximum TBS of at least 1000 bits, the following number of RUs should at least be supported:

· Sub-PRB PUSCH in CE mode A should at least support 4 RUs.

· Sub-PRB PUSCH in CE mode B should at least support 2 RUs. 

Proposal 3:
· For PUSCH with 3 subcarriers and 6 subcarriers, reuse length-3 and length-6 DMRS sequence in Rel-13 NB-IoT.

· For PUSCH with 2 out of 3 allocated subcarriers, introduce a new length-2 DMRS sequence.
· DMRS is located in the middle symbol of each slot. 
Proposal 4:
· Support frequency hopping for sub-PRB PUSCH. 

· Rel-13 eMTC frequency hopping mechanism can be applied. 

Proposal 5:
· Support cyclic repetition for sub-PRB PUSCH.

·  The cyclic repetition can be based on absolute SFN to better align with frequency hopping. 

Proposal 6:

· Adopt a hierarchical resource allocation for sub-PRB PUSCH:
· Indicate NB index as in Rel-13 eMTC.

· PRB is (explicitly/implicitly) indicated within the NB.

· Subcarrier allocation within the PRB is further indicated.
Proposal 7:

· Use DCI formats 6-0A and 6-0B as the starting point for DCI design of sub-PRB PUSCH in CE mode A and CE mode B, respectively. 
· Strive to design the DCI so as to not increase the size much, if at all, compared to DCI format 6-0A/6-0B, for sub-PRB PUSCH in efeMTC. 

· 1 bit indictor is used in the DCI to differentiate sub-PRB allocation and legacy resource allocation with granularity of one PRB. 

· Consider to limit the PRB allocation candidates within the NB, e.g. two candidates or implicit indication.

· 4 bits are used to indicate the non-overlapped 2-subcarrier, 3-subcarrier and 6-subcarrier allocations.

· Consider to limit the supported number of RUs, e.g. one or two values per CE mode, to reduce DCI size. 

Proposal 8:

· Drop sub-PRB PUSCH transmission in subframes that collide with PRACH resources or PUCCH transmitted by the UE.
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