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1. Introduction 
A new WI to even further enhance MTC (efe-MTC) is agreed in [1].  One of the objectives is to improve spectral efficiency, specifically:
· 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.

· Note: There is no intention to lower the minimum required UE capability compared to UE category M1 as part of this WI, i.e. the UE shall still support a PUSCH transmission of 6 PRBs.

This contribution will discuss some aspects of transmitting sub-PRB PUSCH.
2. Discussion
For uplink transmission that is power limited, e.g. cell edge or in CE Mode B, one way to further increase the PSD of the transmission is to reduce the frequency resources, as discussed in the original Rel-12 MTC study item [2][3].  In Rel-13 eMTC and Rel-14 feMTC, the minimum PUSCH resource a UE can use is 1 PRB and hence in order to further increase the PSD, sub-PRB transmission is used.  Sub-PRB transmission also has the benefit of increasing the capacity of the system since more UEs can be multiplexed in the frequency domain and the transmission can benefit from lower PAPR.  We consider the following aspects of using sub-PRB for PUSCH:
· Number of sub-carriers
· Processing of PUSCH for sub-PRB transmission
· Resource allocation indication
The minimum number of subcarriers that can be transmitted in PUSCH is 3 and hence the potential set of sub-PRB transmission is from 3 subcarriers to 11 subcarriers.  Such fine granularity of subcarrier allocations is not necessary and would lead to high overhead in indicating the resource allocation.  One approach to reducing the number of combinations is to restrict the number of subcarriers used in multiples of 3, i.e. 3, 6 and 9 subcarriers.  The PSD increase (assuming constant transmission power) from 1 PRB to 9, 6 and 3 subcarriers are 1.25 dB, 3 dB and 6 dB respectively. The respective uplink efficiency gains are 33% (9 subcarriers), 100% (6 subcarriers) and 300% (3 subcarriers). The PSD gain from 1 PRB (12 subcarriers) to 9 subcarriers is not significant and hence we do not see the need for a 9 subcarrier transmission.  Hence, our preference for sub-PRB PUSCH transmission is 3 subcarriers and 6 subcarriers.

Proposal 1: The set of number of subcarriers that can be used for sub-PRB transmission for PUSCH is {3, 6} subcarriers.

Reducing the number of subcarriers in PUSCH transmission reduces the available REs in a subframe.  The PUSCH TBS can be reduced to fit into 3 or 6 subcarriers in a subframe and RV cycling can be used but this would incur high overhead (CRC & MAC headers).  
Observation 1: Fitting TBS to 3 or 6 subcarriers and using RV cycling incurs high overheads.

Alternatively, the TTI can be increased so that the number of REs is increased to that equivalent to a PRB, i.e. similar to that used in NB-IoT. However, increasing the TTI may have an impact to the existing eNB receiver chain that is designed for a 1 ms TTI.  One way to maximise the commonality with existing hardware architectures is to maintain as much as the PUSCH processing chain as possible and add two additional functions namely Subcarrier Puncturing and Subcarrier Rearrangement as shown in Figure 1. Here the TB is RE mapped to 1 PRB as per legacy transport and physical channel processing but after RE mapping, selected subcarriers are punctured and the subcarriers that are not punctured are rearranged so that they occupy the allocated subcarrier resources.
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Figure 1: Physical channel processing for sub-PRB PUSCH

An example of the subcarrier puncturing & subcarrier rearrangement functions is shown in Figure 2, where 3 subcarriers, i.e. the 4th, 5th and 6th subcarriers, are allocated for PUSCH transmission.  At each subframe, the subcarrier puncturing function punctures 9 of the 12 subcarriers where the subcarriers selected for puncturing follows a predefined pattern, i.e., at subframe N, subcarriers {4, 5, 6, 7, 8, 9, 10, 11, 12} are punctured, at subframe N+1 subcarriers {1, 2, 3, 7, 8, 9, 10, 11, 12} are punctured, at subframe N+2 subcarriers {1, 2, 3, 4, 5, 6, 10, 11, 12} are punctured and at subframe N+3 subcarriers {1, 2, 3, 4, 5, 6, 7, 8, 9} are punctured.  We define a Puncturing Cycle as the number of subframes required to transmit all the subcarriers within the PRB, i.e. for 3 subcarriers the Puncturing Cycle is 4 subframes and for 6 subcarriers the Puncturing Cycle is 2 subframes.  It should be noted that unlike using a long TTI (e.g. 4 ms), the eNB does not need to receive multiple samples of a Puncturing Cycle, i.e. multiples of 4 subframes (for 3 subcarriers allocation) but it can attempt to decode the PUSCH anytime, that is the number of repetitions does not need to be multiple of a Puncturing Cycle.
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Figure 2: Subcarrier puncturing & subcarrier rearrangement in a puncturing cycle
Proposal 2: Introduce a Subcarrier Puncturing and Subcarrier Rearrangement function in the PUSCH channel processing chain to facilitate sub-PRB PUSCH transmission.
The number of subcarriers and which subcarriers to use needs to be indicated in the DCI.  We expect the allocated subcarriers to be contiguous to preserve the single carrier property of SC-FDMA.  The possible subcarrier allocations can be limited to a few positions and one set is shown in Figure 3.  Here for 3 subcarriers the possible subcarriers allocation are {1st, 2nd, 3rd}, {4th, 5th, 6th}, {7th, 8th, 9th} and {10th, 11th, 12th} subcarriers.  For 6 subcarriers the set of possible subcarriers allocation are {1st, 2nd, 3rd, 4th, 5th, 6th} and {7th, 8th, 9th, 10th, 11th, 12th} subcarriers.  There are 6 states which can be represented with 3 bits.  The DCI can firstly indicate the narrowband (or wideband in 5 MHz case), followed by the PRB and lastly one of the 6 possible subcarrier allocations.
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Figure 3: Possible subcarriers allocation

Proposal 3: The possible subcarrier allocations are:

· 3 subcarriers: {1st, 2nd, 3rd}, {4th, 5th, 6th}, {7th, 8th, 9th} and {10th, 11th, 12th} subcarriers

· 6 subcarriers: {1st, 2nd, 3rd, 4th, 5th, 6th} and {7th, 8th, 9th, 10th, 11th, 12th} subcarriers

Proposal 4: The Resource Allocation in the DCI indicates the narrowband followed by the PRB and lastly one of the 6 possible subcarrier allocations.

Although sub-PRB PUSCH transmission has lower PAPR than that of a full-PRB PUSCH transmission, it would be beneficial to further reduce PAPR, i.e. towards that of a single subcarrier transmission.  One way to approach the PAPR of a single carrier transmission is to perform subcarrier repetition.  For example for a 3 subcarrier transmission, the QPSK modulation symbols of the 1st subcarrier in each OFDM symbol are repeated in the remaining 2 subcarriers.  This can have an effect of reducing the PAPR towards that of a single subcarrier transmission.

Proposal 5: Consider a low PAPR 3-subcarrier transmission by transmitting a waveform that repeats the 1st subcarrier across all the subcarriers in a sub-PRB PUSCH transmission.
3.   Conclusion

In this contribution we discuss some aspect of transmitting sub-PRB PUSCH.  We observe the following:
Observation 1: Fitting TBS to 3 or 6 subcarriers and using RV cycling incurs high overheads.

We therefore propose the following:

Proposal 1: The set of number of subcarriers that can be used for sub-PRB transmission for PUSCH is {3, 6} subcarriers.

Proposal 2: Introduce a Subcarrier Puncturing and Subcarrier Rearrangement function in the PUSCH channel processing chain to facilitate sub-PRB PUSCH transmission.
Proposal 3: The possible subcarrier allocations are:

· 3 subcarriers: {1st, 2nd, 3rd}, {4th, 5th, 6th}, {7th, 8th, 9th} and {10th, 11th, 12th} subcarriers

· 6 subcarriers: {1st, 2nd, 3rd, 4th, 5th, 6th} and {7th, 8th, 9th, 10th, 11th, 12th} subcarriers

Proposal 4: The Resource Allocation in the DCI indicates the narrowband followed by the PRB and lastly one of the 6 possible subcarrier allocations.

Proposal 5: Consider a low PAPR 3-subcarrier transmission by transmitting a waveform that repeats the 1st subcarrier across all the subcarriers in a sub-PRB PUSCH transmission.
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