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Introduction
In RAN1#91, the following agreements for sub-PRB allocation were achieved [1]. 
Agreement
1. For Sub-PRB allocation, only the following are supported: 
0. 6 subcarriers with SC-FDMA QPSK modulation, at least for CE Mode A
0. FFS: CE Mode B
0. 3 subcarriers with SC-FDMA QPSK modulation
0. 3 subcarriers with SC-FDMA Pi/2 BPSK modulation 
2. The Pi/2 rotation is performed across SC-FDMA symbols
2. Use only 2 adjacent subcarriers out of the 3 allocated subcarriers with DFT-spread of length 2
1. FFS: which 2 subcarriers out of the 3 allocated subcarriers are used
1. Working assumption: The 2 used subcarriers shall be fixed per cell in specification
1. FFS: semi-statically configured 
1. FFS: Frequency hopping case

Agreement
1. When the Sub-PRB feature is used,
0. Mapping one TB to 1 RU shall be supported at least for CE Mode A
0. Mapping one TB to a maximum of [FFS:2 or 4] resource units (RUs) shall be supported
0. Sub-PRB allocation shall support a maximum TBS of 1000 bits for CE Mode A and 936 bits for CE Mode B
2. Maximum TBS within a single RU is FFS

Agreement
1. UCI Piggybacking on PUSCH with sub-PRB allocation is not supported.
0. FFS: which UL channel is dropped

In this contribution, we discuss the remaining issues for sub-PRB allocation for PUSCH. This Tdoc is a revision of R1-1720420 [2].
Discussion 
Issue #1 - DMRS for 2-subcarrier pi/2 BPSK
In RAN1#91, it was stated that “for 3 subcarriers with SC-FDMA pi/2 BPSK modulation, only 2 adjacent subcarriers out of the 3 allocated subcarrier with DFT spread of length 2”. Therefore, after transform precoding, NPUSCH data will be mapped to one of the 2 adjacent subcarriers thanks to BPSK modulation. The single tone index may change every symbol depending on data stream. The DMRS design for 2-subcarrier pi/2 BPSK may have different options regarding the modulation scheme and the number of subcarriers used for DMRS.  Two options were analysed below.
Option 1: Single tone with pi/2 BPSK modulation
This option ensures the DMRS has the same PAPR as data stream. The single tone DMRS sequence in NB-IoT can be reused, i.e., based on the concatenation of a length-16 Hadamard code w(n) and a binary gold sequence c(n).  The DMRS tone index may change every symbol either randomly or based on a regular pattern. For example, the following equation describes the reference signal sequence generation with random switching between two subcarriers by using the binary gold sequence c(n), where n is the subcarrier index and m is the transmission slot index. An example is shown in Figure 1.
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Figure 1: Single tone DMRS with random hopping over two tones
Option 2: Multiple tones with QPSK modulation
For option 2, QPSK modulation is used and the number of DMRS tones can be either 2 or 3. In case of 3 tones, the existing 3-tone DMRS sequence for NB-IoT can be reused. A new DMRS sequence is needed for 2-tone case. However, this option may cause a large increase on PAPR since DMRS and data stream use different modulation schemes and the number of subcarriers. This could reduce the low PAPR benefit of this 2-subcarrier allocation. An example of two tones DMRS transmission is shown in Figure 2.
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Figure 2: Two tone DMRS for 2-subcarrier allocation
Figure 3 compares the PAPR of the two options. In the evaluation, we assume no phase rotation for correcting the cyclic prefix addition. The left figure is the PAPR CCDF where the index of the first tone is -1, and the right figure shows the 99.9% PAPR comparison for various index for the first subcarrier, which is from -6 to 5. It can be seen that the PAPR of the two-tone DMRS option is increased is about 2 – 2.5 dB.
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Figure 3: Comparison between single tone and multiple tone DMRS PAPR
Proposal 1: For 2-subcarrier with pi/2 BPSK, DMRS shall also use pi/2 BPSK modulation and transmit on a single tone every symbol

Issue #2 - phase rotation for cyclic prefix
For single subcarrier transmission in NB-IoT, an additional phase ration is introduced between symbols to correct the phase jump due to the cyclic prefix addition so that the phase transition at symbol boundary (i.e., between the end of one symbol and the start of the cyclic prefix of the next symbol) is always pi/2 or -pi/2. Note the phase rotation due to the cyclic prefix addition is dependent on the used subcarrier index. For single subcarrier NB-IoT, the subcarrier index is from -6 to +5 since the center frequency is assumed to be the center of NB-IoT PRB.
For 2-subcarrier allocation, the same pi/2 BPSK modulation is used as the single tone and therefore it shall be discussed also whether the additional phase rotation for correcting the cyclic prefix is needed.  Different from the single carrier in NB-IoT, the subcarrier index for subPRB allocation in eMTC may be in a wide area, i.e., ranging from -600 to 599 for 20MHz system bandwidth since the center frequency is aligned to LTE system width. 
Figure 4 compares the PAPR with and without phase rotation for cyclic prefix addition. In case of phase rotation, the NB-IoT like approach is used for phase rotation, i.e., using the actual tone index. The difference between the two plots is the assumption of the center frequency. In the left plot, it is assumed that UE will adjust the center frequency to the center of the allocated PRB, i.e., tone index within +6 to -5, while in the right plot, the center frequency is fixed based on LTE system bandwidth and the allocated PRB is offset to the center frequency by 50 PRBs. As seen from the diagram, when the center frequency is adjusted to the center of the assigned PRB, the additional phase rotation is not helpful on reducing the PAPR. However, if the center frequency is not adjusted to the center of the allocated PRB, which means a larger value of tone index k used for IFFT, the PAPR with phase rotation will achieve a lower PAPR, e.g., about 0.3 - 0.5dB improvement compared to the case without phase rotation. 
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Figure 4: PAPR comparison with and without phase rotation for cyclic prefix addition
Proposal 2: For the 2-subcarrier with pi/2 BPSK modulation, the subcarrier index for FFT shall be limited to -6 to 5 if phase rotation for correcting the cyclic prefix addition is not supported

Issue #3 - RU size
For 3- and 6-subcarrier, the same RU length as supported for NB-IoT can be reused, i.e., RU length of 4ms and 2ms for 3-subcarrier and 6-subcarrier respectively. For 2-subcarrier with pi/2 BPSK, i.e., using 2 out of 3 allocated subcarriers, one option is to reuse the same RU length as the 3-subcarrier allocation. However, since BPSK modulation is used for 2-sucarrier allocation, the RU length of 4ms will result in a high coding rate for the same TBS. It is thus preferred to increase the RU length to 8ms for better coding rate.
Proposal 3: RU length for the 2-subcarrier with pi/2 BPSK modulation is 8ms, and the RU length for 3-subcarrier and 6-subcarrier is same as NB-IoT

Issue #4 – Maximum number of RUs
It has been agreed in RAN1#91 that subPRB allocation shall support a maximum TBS of 1000 bits for CE Mode A and 936 bits for CE Mode B. Note that the maximum number of bits supported by one RU is only 144 x 2 = 288, i.e. for QPSK modulation, and therefore the coding rate for TBS of 1000 bits is 1.73 when 2 RUs are used and 0.87 when 4 RUs are used. The coding rate can be reduced by using RV cycling. For example, using 4 RVs cycling, the coding rate is reduced to 0.43 for 2 RUs and 0.22 for 4 RUs. However, the RV cycling may require configuring a large number of repetition especially when the NB-IoT like cyclic repetition approach is used for subPRB allocation. For example, the number of repetitions shall be no smaller than 16 repetitions for 4 RV cycling in order to achieve the optimal decoding performance. 
It shall be noted that even with the same coding rate, the performance with RV cycling may not be same as that without RV cycling. This is due to the limited number of RV cycling. Figure 5 shows the circular buffer design for RV cycling for TBS of 1000 bits. The length of circular buffer is 3168 and thus the step size for the 4 RV cycling is 368/4=792. When 2 RUs are used, the number of transmitted bits on the two RUs are only 576 less than the RV cycling step size of 792. Therefore, even with 4 RV cycling not all the systematic bits are transmitted. 
Therefore, if one TB is mapped to a maximum of 2 RUs, it is better to increase the number of RV cycling from 4 to 8 (i.e., equivalently to reduce the RV step size Δ) in order to achieve the optimal performance of turbo decoding. Alternatively, we can keep the number of RV cycling to 4 and map one TB to a maximum of 4 RUs.
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Figure 4: Example of circular buffer for RV cycling
Proposal 4: Mapping one TB to a maximum of 4 resource units (RUs) shall be supported in both CE Mode A and CE Mode B.

Issue #5 – DCI design
To support subPRB allocation, the DCI design need to consider resource allocation granularity, the number of resource units and TBS/MCS. 
A full flexibility resource allocation for subPRB may require too much overhead added to DCI. For example, we may need 4 bits to indicate the number of subcarriers and the used subcarrier index within the PRB (i.e., total 10 possible allocations in one PRB) and 2 bits for signaling the number of resource unit of 1, 2 or 4. The increase of the DCI size by 6 bits may degrade the MPDCCH performance. The DCI overhead reduction techniques shall be considered, such as limiting subPRB to a predefined PRBs in the narrowband, or joint coding of subPRB and normal PRB based resource allocation, or a combination. 
Firstly, the signaling of the number of resource units is not necessary. For small TBS, the usage of a larger number of RUs can be replaced with RV cycling by configuring a larger number of repetitions. And for large TBS, a maximum number of RUs shall be used in order to achieve the optimal performance of turbo decoding. Therefore, the number of RUs can be predefined for each TBS to avoid explicit signaling in DCI. 
Proposal 5: The number of resource units can be predefined for each TBS without explicit signalling in DCI.
To further save DCI bits, the sub-PRB can be restricted to a subset of PRBs in the narrowband instead of all the six PRBs. For CE Mode A, if subPRB is limited to 4 PRBs in the narrowband then there are totally 4x10=40 allocation possibilities for subPRB allocation. By using the joint coding with the legacy PRB-based allocation the resource assignment indicator requires only 6 bits with 21 states for the legacy PRB based allocation and 40 states for subPRB allocation. Therefore, only one bit is added to DCI format 6-0A for subPRB.
For CE mode B, the joint coding of the RB allocation and the subcarrier allocation can also be considered. For example, we can use 5 bits to indicate subPRB allocation in two PRBs with total 2x10=20 states and the legacy one or two PRBs allocation with total 8 states. The total DCI payload is then increased by 2 bits. Alternatively, the subPRB allocation can be further restricted to one PRB with a maximum of 8 subPRB allocations indicated by DCI. In such case, the number of bits for resource allocation can be same as the existing, but requiring to add one bit to DCI to indicate the subPRB and the legacy PRB based allocation. 
Proposal 6: Limiting the subPRB allocation to a subset of PRBs within the narrowband can be considered to reduce the DCI overhead. The number of resource units can be predefined for each TBS without explicit signalling on DCI.

Issue #6 – RE mapping 
For RE mapping, if the NB-IoT like approach is adopted which means channel interleaving is applied across all the subframes of a resource unit then this may cause significant changes to transport and physical channel processing to both UE and enB implementation since the current eMTC is doing subframe-by-subframe processing. Another disadvantage for the cross-subframe channel interleaving is not to support early decoding which has been agreed for eMTC. On the contrary, the per-subframe channel interleaving allows early decoding before receiving the whole RU.
For example, considering TDD with single UL subframe case, TBS 56bits (+24bits CRC = 80bits), RU: 3 subcarriers x 4 SF, if we do the interleaving across 4 subframes, it will take 40ms to transmit all the systematic bits. At the receiver side, the eNB has to receive all the 4 SFs for decoding even the channel SNR is very high. However, with per-SF interleaving, we can transmit 3x12x2=72 coded bits per subframe, and at the end of the second subframe we will have transmitted 144 bits already. This gives a code rate of 0.5556, so very likely the eNB can decode and early terminate the rest of the transmission.
Proposal 7: The per-subframe channel interleaving is used for sub-PRB allocation in eMTC (i.e., the equivalent RE mapping is first across symbols within a subframe, then across subcarriers, and finally across subframes)

Issue #7 – Power control
Current in eMTC, the open loop power control is used for CE Mode A and the maximum transmission power is used for CE Mode B. The power control mechanism can be extended also to subPRB allocation. Therefore, for subPRB in CE Mode B, the maximum transmission power is used, and for sub-PRB in CE Mode A, the open-loop power control is used with MPUSCH,c(i) scaled accordingly, i.e. to 1/2 for 6-subcarrier, 1/4 for 3-subcarrier and 1/6 for 2-subcarrer allocation. 
Proposal 8: For subPRB allocation, the maximum transmission power is used in CE Mode B and the open-loop power control is used for CE Mode A with MPUSCH,c(i) ={1/6, 1/4, 1/2} for 2-subcarrier, 3-subcarrier and 6-subcarrrier allocation.

Issue #8 - Maximum number of repetitions
It has been agreed that the maximum total number of transmission subframes is not increased for sub-PRB allocation, i.e., 32 for CE Mode A and 2048 for CE Mode B. It could imply that the maximum number of repetitions will be reduced for subPRB allocation. For example, the maximum number of repetitions for 6-subcarrier allocation in CE Mode A will be 16 with the possible repetition number {1, 2, 4, 8, 16}.  Similarly, the possible repletion number for 3-subcarrier and 2-subcarrier would be {1, 2, 4, 8} and {1, 2, 4}. Since the number of repletion levels are quite limited and can be configured by DCI, there is no need to configure a maximum number of repetitions for subPRB allocation in CE Mode A.
[bookmark: _GoBack]For CE Mode B, it is not possible to DCI to configure all the possible number of repetitions for subPRB allocation. Therefore, a maximum number of repetitions for subPRB allocation can be configured separately by RRC. Based on this, DCI can further select one of the eight repetition levels based on the configured maximum number of repetitions.
Proposal 9: A maximum number of repetitions for sub-PRB allocation in CE Mode B is separately configured by RRC. 
Issue #9 - Cyclic Repetition 
The cyclic repetition is used in NB-IoT for enabling symbol-level I/Q combining. In each cycle which is started from the first scheduling subframe, each subframe/NB-slot in the allocated resources is repeated consecutively for Z>1 times before continuing the mapping. In eMTC, cyclic repetition is supported only for CE ModeB but different from NB-IoT it is based on the predefined cell level boundaries of a block of sub-frames. All the transmissions that fall within a boundary would have same scrambling based on the lowest sub-frame index in that boundary. Figure 5 compares the cyclic repetition design in eMTC and NB-IoT.
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Figure 5: Comparison of the cyclic repetition in eMTC and NB-IoT
For sub-PRB allocation in CE Mode A, we can follow the existing principle so that cyclic repetition is not supported. For subPRB allocation in CE Mode B, if the eMTC like cyclic repetition is supported then one RU that are mapped to two block of subframes will be assigned with different RVs. If NB-IoT like cyclic repetition is reused, it may conflict with frequency hopping (FH) since the FH in eMTC is based on the predefined boundaries of a block of subframes. As for the above example, when the FH is configured, the portion of the RU is transmitted on one narrowband and the other portion is on a different narrowband. The channel variation on the two narrowband may preclude symbol-level combining across the subframes in the same cycle. For TDD, the boundaries of a block of subframes is based on the absolute subframes, and for some TDD UL/DL configurations with only one UL subframe per 5ms periodicity, the subframes for cyclic repetition are not continuous and may be separated by 5ms or 10ms. In such case, there is no combining gain from cyclic repetition. 
As discussed before, the usage of the cyclic repetition may increase the coding rate for a small number of repetition like 2, 4 or 8 since 4 RV cycling is not supported. For example, for TBS=504 bits configured with 2 RUs and 4 repetitions the coding rate is about 0.88 since only one RV is used. Even the cycling repetition provides the combining gain, the optimal performance cannot be achieved due to high coding rate. Therefore, it is not advantageous to support cyclic repetition for sub-PRB allocation in CE Mode B. 
Proposal 10: The cyclic repetition is not supported for sub-PRB allocation in both CE Mode A and CE Mode B. 
Issue #10 - Msg3
There were also discussions regarding the support of sub-PRB allocation for PUSCH carrying the msg3. However, this requires UE to indicate its capability for supporting sub-PRB, such as using NPRACH resource partitioning. The eNB will then schedule msg3 transmission using subPRB allocation. The main disadvantage of this approach is the required large amount of NPRACH partitions. Since NPRACH partitioning is also used for indicating the support of early data transmission (EDT), we may need NPRACH partitions for different combinations of EDT and sub-PRB. The amount of PRACH partition could be very high. For example, 4 for legacy eMTC, 4 for EDT w/o sub-PRB, 4 for EDT w/ sub-PRB, 4 for sub-PRB w/o EDT, and 1 for legacy LTE thus total 17. At least for the msg3 w/o early data transmission, the advantage for using the sub-PRB is not clear.
Proposal 11: The sub-PRB allocation is not supported for the msg3 w/o early data transmission. FFS for early data transmission. 
[bookmark: _Ref378529477][bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]Conclusions
This contribution discussed the remaining details of sub-PRB allocation for eMTC. We therefore made the following proposal:
Proposal 1: For 2-subcarrier with pi/2 BPSK, DMRS shall also use pi/2 BPSK modulation and transmit on a single tone every symbol
Proposal 2: For the 2-subcarrier with pi/2 BPSK modulation, the subcarrier index for FFT shall be limited to -6 to 5 if phase rotation for correcting the cyclic prefix addition is not supported
Proposal 3: RU length for the 2-subcarrier with pi/2 BPSK modulation is 8ms, and the RU length for 3-subcarrier and 6-subcarrier is same as NB-IoT
Proposal 4: Mapping one TB to a maximum of 4 resource units (RUs) shall be supported in both CE Mode A and CE Mode B.
Proposal 5: The number of resource units can be predefined for each TBS without explicit signalling in DCI.
Proposal 6: Limiting the subPRB allocation to a subset of PRBs within the narrowband can be considered to reduce the DCI overhead. The number of resource units can be predefined for each TBS without explicit signalling on DCI.
Proposal 7: The per-subframe channel interleaving is used for sub-PRB allocation in eMTC (i.e., the equivalent RE mapping is first across symbols within a subframe, then across subcarriers, and finally across subframes)
Proposal 8: For subPRB allocation, the maximum transmission power is used in CE Mode B and the open-loop power control is used for CE Mode A with MPUSCH,c(i) ={1/6, 1/4, 1/2} for 2-subcarrier, 3-subcarrier and 6-subcarrrier allocation.
Proposal 9: A maximum number of repetitions for sub-PRB allocation in CE Mode B is separately configured by RRC. 
Proposal 10: The cyclic repetition is not supported for sub-PRB allocation in both CE Mode A and CE Mode B. 
Proposal 11: The sub-PRB allocation is not supported for the msg3 w/o early data transmission. FFS for early data transmission. 
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