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1 Introduction

In RAN1 #92 meeting, the following agreements were made on the design of sub-PRB PUSCH for efeMTC [1]:
Agreement:
· 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
Agreement:
· 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 transmision

Agreement:

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

Agreement:
· 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.

Agreement:
· 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 

Agreement:
· 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
Agreement: Confirm the WA below

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

Agreement:
· RU Size of 6 sub-carriers QPSK option = 2 ms

· RU Size of 3 sub-carriers QPSK option = 4 ms

Agreement:
4 RVs will be used for sub-PRB transmission

Agreement:
The RE mapping of sub-PRB within an RU over PUSCH is performed first within a sub-frame then across sub-frames

Agreement:
· Within a subframe, RE mapping is the same as legacy PUSCH.

Agreement:
· 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

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

Agreement:
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 

Agreement:
· A maximum of 4 resource units (RUs) is supported in CE Mode A

In this contribution, we discuss about the remaining sub-PRB PUSCH design details for efeMTC, including the applicable cases, RU design, DMRS design, 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 motivation to support sub-PRB allocation for UEs configured with max PUSCH channel BW larger than 1.4 MHz. 

Moreover, the configuration of sub-PRB allocation should depend on UE capability. For message 3 (Msg3) in the random access procedure to establish the RRC connection, the eNB has not been aware of the UE capability yet. There were some proposals to support 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 the scheduling of legacy Msg3 and the other for the 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. In addition, changes are needed for RAR format which would impact the backward compatibility. For the method with implicit 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 the legacy resource allocation in granularity of PRB or sub-PRB allocation, which results in no gain in UL spectral efficiency. Moreover, as discussed in [3], multiple blind decodings are used for solving the padding issues in early UL data transmission. Additional blind decodings for sub-PRB Msg3 result in further increase of receiving complexity, which is not preferred. Therefore, we propose to not 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 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. 

· The impact on receiving complexity due to additional blind decodings needed for sub-PRB allocation, besides the up to 4 blind decodings used for solving the padding issues in early UL data transmission in Msg3.
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 RU/TBS design 
There are three candidates for RU size of 2 of 3 subcarriers in each CE mode for FDD systems. To better fit the maximum total number of subframes of transmission (i.e., 32 and 2048 subframes for CE mode A and CE mode B, respectively) and considering a better code rate for 2 of 3 subcarriers pi/2 BPSK transmission, option 1 for both CE mode A and CE mode B is preferred. In other words, the RU size of 2 of 3 subcarriers pi/2 BPSK transmission is 8ms. It is preferred to reuse the same RU size for TDD systems as well.
For TBS table design, 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 agreed in RAN1 #91 meeting [4], sub-PRB allocation shall support a maximum TBS of 936 bits for CE mode B. With RU size of 8ms for 2 of 3 subcarriers pi/2 BPSK option, the number of bits that can be carried by one RU is 192 bits. Thus, the code rate for TBS of 936 bits with 2 RUs is 0.61 and the code rate for TBS of 936 bits with 4 RUs is 0.30. To have a better code rate, a maximum of 4 RUs can be supported for CE mode B. 
Proposal 2:
· RU size of 2 of 3 subcarriers pi/2-BPSK option is 8ms for both CE mode A and CE mode B.

· Adopt this for both FDD and TDD systems. 
· TBS for sub-PRB allocation is based on eMTC TBS tables, by changing the number of PRBs to the number of RUs. 
· To support maximum TBS of 936 bits in CE mode B, a maximum of 4 RUs is supported in CE mode B.
2.3 DMRS design
For PUSCH with 2 out of 3 allocated subcarriers, there are two alternatives discussed in last RAN1 meeting: Alt1, length-2 BPSK with DFT-S-OFDM, and Alt2, DMRS symbol mapped to three subcarriers. 
With Alt2 where each DMRS symbol is mapped to three subcarriers, the length-3 DMRS sequence defined in NB-IoT systems can be reused and thus this option requires minimal specification effort. However, this option provides worse PAPR compared to data symbols and the other DMRS alternative, which map pi/2 BPSK symbols over 2 adjacent tones with DFT-S-OFDM. Exploiting the BPSK and DFT precoding, the data symbols and DMRS with Alt1 map pi/2-BPSK modulated symbols to one out of the 2 adjacent tones after DFT precoding, resulting PAPR same as the single-tone transmission (0dB before pulse shaping), which is much lower than the 3-tone transmission (2.22-4.17dB before pulse shaping). Thus, we propose to adopt Alt1, the length-2 BPSK with DFT-S-OFDM as the DMRS design for PUSCH transmission with 2 of 3 subcarriers pi/2-BPSK.
Regarding the DMRS sequence design for PUSCH with 2 of 3 subcarriers, length-16 DMRS sequence defined in NB-IoT for single-tone transmission can be reused, whose cross-correlation properties have been well studied in NB-IoT design. Specifically, each subcarrier can carry a length-16 DMRS sequence mapping across 16 DMRS symbols within one RU with RU size of 8ms. Two different DMRS sequences can be mapped to the two subcarriers allocated for PUSCH transmission, as illustrated in Figure 1. After DFT precoding, DMRS will be transmitted only on one subcarrier in each DMRS symbol, and the index of the active subcarrier with DMRS transmission in each DMRS symbol would be different with different selections of the two DMRS sequences. For example, with Hadamard sequences {1, 1, 1, …, 1} and {1, -1, 1, -1, …, 1, -1}, after DFT precoding, the DMRS will be transmitted on the first and second subcarriers in an alternate manner. 

For the selection of the two sequences to be used for DMRS, similar to NB-IoT design, the Hadamard sequence to generate the first DMRS sequence depends on cell ID. For the second DMRS sequence, we propose to introduce an offset from the first DMRS sequence index, where a fixed offset or a random offset can be considered. With random offset which may depend on cell ID and the starting slot index of the DMRS transmission, more randomized patterns in terms of the active subcarrier with DMRS transmission after DFT precoding can be achieved, which helps further reduce the inter-cell interference. 
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Figure 1. Illustration of DMRS mapping with length-16 DMRS sequence. Two length-16 DMRS sequences are mapped to 2 of 3 subcarriers allocated for PUSCH transmission.
Proposal 3:
· For PUSCH with 2 out of 3 allocated subcarriers, each DMRS symbol is length-2 BPSK with DFT-S-OFDM.
· For PUSCH with 2 out of 3 allocated subcarriers, length-16 DMRS sequence defined in NB-IoT for single-tone transmission is reused.

· Two length-16 DMRS sequences are mapped to 2 of 3 subcarriers for PUSCH, where each sequence is mapped to one subcarrier across 16 DMRS symbols within in one RU (with RU size of 8ms).
2.4 Repetition design 

In CE mode A, following Rel-13 eMTC design, no cyclic repetition is used. On the other hand, in CE mode B, symbol-level combining is supported in Rel-13 eMTC, which can provide better performance in deep coverage scenario and facilitate frequency offset compensation [5]. 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. Recall that in NB-IoT, each subframe in each cycle can be repeated consecutively for Z times, where Z=min(4, repetition/2) for multi-tone NPUSCH and Z=1 for single-tone transmission. Considering the impact on the code rate, the cyclic repetition with the parameter Z depending on number of repetitions can be applied to at least 3-subcarrier and 6-subcarrier PUSCH with QPSK options. 

Note that with NB-IoT cyclic repetition, the start of each cycle is with respect to the first scheduled NPUSCH 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 4:
· Support cyclic repetition for sub-PRB PUSCH in CE mode B, at least for 3-subcarrier and 6-subcarrier with QPSK transmissions.

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

2.5 Resource allocation method
To support both sub-PRB allocation and allocation of at least 1 PRB, and to reduce the 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 CE mode A, 1 bit can be used to indicate one out of two PRB candidates for sub-PRB allocation. On the other hand, for CE mode B, to minimize the DCI size, 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, as agreed in RAN1 #92 meeting, there are 4 non-overlapped 2 of 3 subcarrier allocations with pi/2-BPSK, 4 non-overlapped 3-subcarrier allocations with QPSK, and 2 non-overlapped 6-subcarrier allocations with QPSK. Thus, to support full flexibility with total of 10 possible subcarrier allocations, 4 bits are needed, which can be applied to CE mode A. For CE mode B, recall that in Rel-13 eMTC, 3 bits are used in DCI format 6-0B for the indication of PRB allocation within the indicated NB. To keep the DCI size close to Rel-13 eMTC, 3 bits can be used in CE mode B for subcarrier allocations by limiting the possible subcarrier allocations, e.g. with 3 non-overlapped allocations for 2 of 3 subcarrier pi/2-BPSK and 3 subcarrier QPSK options, and 2 non-overlapped 6-subcarrier allocations. 
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. Two number of RUs can be indicated via 1 bit in the DCI, where the set of supported number of RUs can be predefined or semi-statically configured by higher layers. 
In summary, for CE mode A, the resource allocation field has 
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+7 bits, where besides the number of bits needed for NB index indication, 1 bit is used for differentiation between legacy resource allocation in granularity of 1 PRB and sub-PRB allocation, 1 bit is used for indication of PRB index for sub-PRB allocation, 4 bits are used for indication of 10 possible subcarrier allocations within the allocated PRB, and 1 bit is used for RU indication. For CE mode B, the resource allocation field has 
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+5 bits, where besides the number of bits needed for NB index indication, 1 bit is used for differentiation between legacy resource allocation in granularity of 1 PRB and sub-PRB allocation, 3 bits are used for indication of 8 possible subcarrier allocations within the allocated PRB, and 1 bit is used for RU indication.
Proposal 5:
· 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, 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.
· 
[image: image5.wmf]ú

ú

ú

ù

ê

ê

ê

é

ú

ú

û

ú

ê

ê

ë

ê

6

log

UL

RB

2

N

 bits are used for indication of NB index.
· Limit the PRB allocation candidates within the NB, where two candidates are indicated via 1 bit for CE mode A and implicit indication is used for CE mode B.

· For subcarrier allocation within the allocated PRB, 4 bits are used in CE mode A to indicate total of 10 possible subcarrier allocations, while 3 bits are used in CE mode B by limiting the possible subcarrier allocations to be 8 options. 
· Limit the supported number of RUs, where two number of RUs are indicated via 1 bit in the DCI.
2.6 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 6:

· Drop sub-PRB PUSCH transmission in the subframes that collide with the 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 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. 

· The impact on receiving complexity due to additional blind decodings needed for sub-PRB allocation, besides the up to 4 blind decodings used for solving the padding issues in early UL data transmission in Msg3.
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 size of 2 of 3 subcarriers pi/2-BPSK option is 8ms for both CE mode A and CE mode B.

· Adopt this for both FDD and TDD systems. 
· TBS for sub-PRB allocation is based on eMTC TBS tables, by changing the number of PRBs to the number of RUs. 
· To support maximum TBS of 936 bits in CE mode B, a maximum of 4 RUs is supported in CE mode B.
Proposal 3:
· For PUSCH with 2 out of 3 allocated subcarriers, each DMRS symbol is length-2 BPSK with DFT-S-OFDM.
· For PUSCH with 2 out of 3 allocated subcarriers, length-16 DMRS sequence defined in NB-IoT for single-tone transmission is reused.

· Two length-16 DMRS sequences are mapped to 2 of 3 subcarriers for PUSCH, where each sequence is mapped to one subcarrier across 16 DMRS symbols within in one RU (with RU size of 8ms).
Proposal 4:
· Support cyclic repetition for sub-PRB PUSCH in CE mode B, at least for 3-subcarrier and 6-subcarrier with QPSK transmissions.

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

Proposal 5:

· 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, 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.

· 
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 bits are used for indication of NB index.
· Limit the PRB allocation candidates within the NB, where two candidates are indicated via 1 bit for CE mode A and implicit indication is used for CE mode B.

· For subcarrier allocation within the allocated PRB, 4 bits are used in CE mode A to indicate total of 10 possible subcarrier allocations, while 3 bits are used in CE mode B by limiting the possible subcarrier allocations to be 8 options. 

· Limit the supported number of RUs, where two number of RUs are indicated via 1 bit in the DCI.
Proposal 6:

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