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1
Introduction
In RAN1#80bis, the following was agreed for multiplexing of M-PDCCH and PDSCH for a Rel-13 low-complexity MTC (LC-MTC) UE [1] –
· For a Rel-13 low complexity UE not operating coverage enhancements:
· Multiplexing of ‘Physical downlink control channel for MTC’ and un-associated PDSCH in the same subframe to the same UE is supported.

· When the UE is not required to retune to other narrowband region due to monitoring of PSS/SSS, PBCH, SIB, paging occasion, etc.,

· In FD-FDD, the UE can receive PDSCH and transmit PUSCH in every subframe.

· In TDD, the UE can either receive PDSCH or transmit PUSCH in every subframe.

· In HD-FDD, the UE can either receive PDSCH or transmit PUSCH in most subframes (i.e. more than half of the subframes).

In RAN1 #81, the following was also agreed [2]:

· Confirm the following revised working assumption at RAN1#80bis meeting: For Rel-13 low complexity UEs in normal [FFS: small enhanced] coverage, under cross-subframe scheduling,

· Case 1:

· For unicast PDSCH, DCI indicates one of narrow-band and further indicate resource allocation within narrow-band 

· This doesn’t preclude predefined frequency hopping 

· FFS: Details on resource allocation field in DCI 

· FFS: whether and/or how to utilize PRBs not included in any narrowband of 6PRBs

· CSI measurements can be restricted to a subset of the available  narrow-bands

· FFS: details

· FFS: whether and/or how to  define a case (Case 2) that UE can assume PDSCH is scheduled in the same or a known (when frequency hopping is used) narrowband

· This doesn’t preclude predefined frequency hopping 

· Value of k in Case 1 is:

· k>=2

· RAN1 will select a single fixed value of k after receiving RAN4 input on retuning time

· Company should investigate impact on UE complexity of M-PDCCH decoding (R1-153082).

· When k > 2, RTT may need to be modified.

· Value of k in Case 2 is:

· k=1

· FFS: how to handle the subframe used for retuning in case of frequency hopping is applied

· FFS for the subframe n+k not allowed for PDSCH (e.g. PMCH, TDD, HD-FDD)

· The above overrides the RAN1#80bis agreements related to k.

In this contribution, we discuss the number of HARQ processes supported for LC-MTC and make proposals for the maximum number of HARQ processes in normal and enhanced coverage for HD-FDD .
2
Number of HARQ Processes for UEs in Normal Coverage
There is a motivation to reduce the number of HARQ processes for LC-MTC to ease the requirements for decoding and HARQ buffering in the LC-MTC UE, particulary for a HD-FDD implementation. We first discuss the number of HARQ processes for UEs in normal coverage. According to the first agreement noted above, multiplexing of M-PDCCH and an unassociated PDSCH is supported for an LC-MTC UE in normal coverage. This implies that there is support for at least two HARQ processes for UEs in normal coverage.

With the assumption that only cross-subframe scheduling is supported for LC-MTC, two cases can be considered in the context of the second agreement noted above. Thus, although the DCI indicates the narrowband in which PDSCH resources are allocated, transmission of PDSCH in the same narrowband is not precluded. Therefore, the following two cases are based on whether the PDSCH is scheduled in the same narrowband as the M-PDCCH or in a separate narrowband.
2.1
PDSCH is Scheduled in the Same Narrowband as the M-PDCCH
HARQ timing relationships are discussed in a companion contribution [3]. It is assumed that the timing relationship between PDSCH transmission on the DL and the transmission of ACK/NACK on the UL follows legacy timing.If the M-PDCCH is transmitted in subframe 0, the transmission of PDSCH is scheduled for subframe 1 in the same narrowband (k = 1 for Case 2).Interpreting legacy timing relative to PDSCH reception, the UL ACK/NACK is transmitted after a gap of 3 subframes, i.e., in subframe 5, allowing the UE to perform the necessary DL processing to decode the PDSCH and the necessary UL processing to prepare for ACK/NACK transmission. The M-PDCCH scheduling the retransmission could be transmitted after a further gap of 3 subframes, i.e., in subframe 9 (allowing the eNB to process the ACK/NACK and prepare for transmission of the M-PDCCH for the retransmission) and the retransmitted PDSCH is in subframe 10.
Cases with different numbers of HARQ processes are now discussed. The first case is depicted in Figure 1 shows the HARQ procedure when a single HARQ process is used. The solid arrow links the M-PDCCH with the associated PDSCH, whereas the dashed arrows show the relationship between the DL and UL transmissions of the HARQ process. While there is no retuning required for the UE in FD-HDD, in HD-FDD the timing between the last PDSCH and the first UL ACK/NACK needs to include a potential gap to allow the UE to retune from the DL frequency to the UL frequency and to switch from receive operation to transmit operation before UL ACK/NACK transmission can occur. Similarly, the timing between the last UL ACK/NACK and the first subsequent M-PDCCH should provide a retuning/switching gap. Clearly, with one HARQ process, the timing satisfies the requirements. It can also be noted that the round-trip time (RTT) is 9 ms and only 1 of 9 subframes is utilized for PDSCH transmission, which is relevant for determining the peak DL throughput.
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Figure 1. DL HARQ with One HARQ Process for Same-Narrowband Scheduling in Normal Coverage.

The second case is illustrated in Figure 2 and shows the HARQ procedure with two HARQ processes, where the timing is the same as with one HARQ process in Figure 1. A different color is used for the arrows showing the timing for each HARQ process. Here, too, the timing provides an adequate gap for the UE to retune between DL and UL frequencies as well as switch between reception and transmission operations in the case of HD-FDD. While the RTT is still 9 ms, the subframe utilization for PDSCH transmission improves to 2 of 9. The complexity increases in this case since the UE needs to handle two HARQ processes.
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Figure 2. DL HARQ with Two HARQ Processes for Same-Narrowband Scheduling in Normal Coverage.
In the next case shown in Figure 3, three HARQ processes are considered with the same assumptions for HARQ timing as before. Assuming that the retuning/switch gap required for HD-FDD does not exceed 1 ms, it is observed that three HARQ processes can also be supported while satisfying the requirements – there is a 1-subframe gap between the end of the PDSCH transmission for the third HARQ process (red arrows) and the UL ACK/NACK transmission for the first process (blue arrows). In practice, however, due to timing advance on the UL and potential timing errors, the actual gap may be less than 1 ms, but this is expected to be adequate. The RTT in this case is again 9 ms, whereas 3 of 9 subframes are utilized for PDSCH transmission.
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Figure 3. DL HARQ with Three HARQ Processes for Same Narrowband Scheduling in Normal Coverage.
It is clear from the above that if legacy HARQ timing (for UL ACK/NACK relative to PDSCH) is to be maintained, no more than three HARQ processes can be supported. Figure 4 illustrates how four processes can be supported while maintaining at least a 1-subframe gap for retuning/switching for HD-FDD. The HARQ timing is relaxed in this case: there is now a 4-subframe gap between the end of PDSCH transmission and the commencement of UL ACK/NACK transmission. There is also a 4-subframe gap between the end of ACK/NACK transmission and the beginning of the M-PDCCH transmission for scheduling the PDSCH retransmission. The RTT is now increased to 11 ms although 4 of 11 subframes are utilized for PDSCH transmission. The processing complexity also increases correspondingly.
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Figure 4. DL HARQ with Four HARQ Processes and Relaxed HARQ Timing for Same-Narrowband Scheduling in Normal Coverage.

2.2
PDSCH is Scheduled in a Separate Narrowband from the M-PDCCH
Based on the agreement noted above, the PDSCH can be transmitted in any configured narrowband as indicated by the DCI. In this case a retuning gap needs to be provided between the M-PDCCH and PDSCH. Other relative timings are assumed to be the same as above.
We again consider different number of HARQ processes. The first case of a single HARQ process is shown in Figure 5. Due to the introduction of a retuning gap between the M-PDCCH and the PDSCH, the RTT is increased to 10 ms. Other considerations are the same as with scheduling in the same narrowband.
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Figure 5. DL HARQ with One HARQ Process for Separate Narrowband Scheduling in Normal Coverage.
Figure 6 depicts the case of two HARQ processes. Here the timing between the M-PDCCH and the associated PDSCH is modified: the M-PDCCH in subframe 0 schedules PDSCH transmission in subframe 2, i.e., there is a 2-ms gap. The gap of two subframes between the PDSCH for the second HARQ process and the UL ACK/NACK for the first process is still sufficient for retuning and switching from DL reception to UL transmission on a different frequency. There is also a gap of 2 subframes between the UL ACK/NACK for the second HARQ process and the M-PDCCH scheduling retransmission for the first process, which is again sufficient for retuning/switching. The RTT is 11 ms in this case and 2 of 11 subframes are utilized for PDSCH. The HARQ timing can be modified to make the RTT 12 ms (a gap of an even number of subframes between PDSCH transmissions by the same UE) to allow all of the subframes to be utilized in each narrowband for scheduling other UEs with two HARQ processes.
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Figure 6. DL HARQ with Two HARQ Processes for Separate-Narrowband Scheduling in Normal Coverage.
A gap of 1 ms between M-PDCCH and PDSCH can be maintained with two HARQ processes with the alternative design illustrated in Figure 7. A gap of 1 ms is provided for each instance of retuning/switching. In this implementation, the timing between PDSCH and the corresponding UL ACK/NACK is relaxed by 2 ms and the timing between the UL ACK/NACK and the M-PDCCH scheduling the retransmission is also relaxed by 2 ms. Overall, relative to the implementation above there is a penalty of 3 ms to the RTT, which is now 14 ms, and the PDSCH utilization is 2 of 14 subframes. There are more instances of switching between frequencies in this implementation, and there is also less flexibility for the eNB to schedule other users in all subframes. As such, there is no strong motivation to consider this implementation over the one shown in Figure 6.
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Figure 7. Alternative DL HARQ with Two HARQ Processes for Separate-Narrowband Scheduling in Normal Coverage.
When the approach of Figure 6 is extended to three HARQ processes, the implementation shown in Figure 8 results. With three HARQ processes, there is a further increase in delay between the M-PDCCH and the associated PDSCH. All the other timing relationships are maintained. The RTT in this case is 12 ms and 3 of 12 subframes are utilized by PDSCH.
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Figure 8. DL HARQ with Three HARQ Processes for Separate-Narrowband Scheduling in Normal Coverage.
An alternative implementation, similar to that in Figure 7, for three HARQ processes would incur a further penalty on RTT and is not considered here.
2.3
Discussion
It is seen above that 3 HARQ processes can be supported with HD-FDD in normal coverage both when the PDSCH is transmitted in the same narrowband as the M-PDSCH as well as when it is scheduled in a separate narrowband while maintaining legacy timing for UL ACK/NACK transmission relative to PDSCH reception, although the RTT is increased to 9 ms. It is easy to see that 4 HARQ processes can be supported with modification of timing. It is desirable to restrict the number of HARQ processes to a small enough number so that substantial savings in complexity is realized. Thus, we make the following proposal.
Proposal 1: The maximum number of HARQ processes for UEs in normal coverage is 3 for HD-FDD.
3
Number of HARQ Processes for UEs in Enhanced Coverage

For UEs in enhanced coverage, support is enabled through repeated transmission of channels. It is worth noting that the number of repetitions at any coverage enhancement level may be different for different channels. The number of HARQ processes can again be discussed based on whether the M-PDCCH and the associated PDSCH are transmitted in the same narrowband or separate narrowbands.
3.1
PDSCH is Scheduled in the Same Narrowband as the M-PDCCH

In this case multiple repetitions of the M-PDCCH are followed by multiple repetitions of the PDSCH on the same narrowband. Figure 9 shows a single HARQ process in the case of enhanced coverage. Legacy timing is assumed to be followed for the UL ACK/NACK transmission after completion of PDSCH transmission: if the last PDSCH repetition is transmitted in subframe n, the first ACK/NACK repetition is transmitted in subframe n+4, allowing enough time for PDSCH decoding and UL processing in preparation for ACK/NACK transmission. This timing also provides an adequate gap for the UE to switch from the DL reception frequency to the UL transmission frequency in the case of HD-FDD. Similarly, if the last ACK/NACK repetition is transmitted in subframe k, the first M-PDCCH to schedule retransmission is transmitted in subframe k+4.
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Figure 9. DL HARQ with One HARQ Process for Same-Narrowband Scheduling in Enhanced Coverage.
It is clear from the above that support a second HARQ process would result in a significant increase in RTT due to having to piggy-back the DL transmission repetitions for the two processes before switching to the UL.
3.2
PDSCH is Scheduled in a Separate Narrowband from the M-PDCCH
The case of scheduling the PDSCH in a separate narrowband from the M-PDCCH in enhanced coverage for a single HARQ process is illustrated in Figure 10. In terms of timing, the only difference with respect to the previous case is the 1-ms retuning gap that is introduced between the last repetition of the M-PDCCH and the first repetition of the PDSCH. As noted above, support of a second HARQ process would increase RTT.
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Figure 10. DL HARQ with One HARQ Process for Separate Narrowband Scheduling in Enhanced Coverage.
3.3
Discussion

As previously noted, supporting more than one HARQ process in enhanced coverage with HD-FDD increases the RTTwithout adding any benefit. Thus, we make the following proposal.
Proposal 2: The maximum number of HARQ processes for UEs in enhanced coverage is 1 for HD-FDD.
It may be noted that SIB1 for LC-MTC UEs (M-SIB1) contains scheduling information for other LC-MTC SIBs (M-SIBs), which may be interleaved. To support UEs in enhanced coverage, the M-SIBs are repeated, with the repetitions spanning several periodic transmission windows. Thus, for receiving each M-SIB, the UE in enhanced coverage accumulates the repetitions over many windows. Although a single HARQ process is sufficient to receive each of these broadcast messages, a multiple HARQ buffers would be needed to process the interleaved M-SIBs. Therefore, the above proposal applies to unicast transmissions whereas for broadcast transmissions, the use of multiple HARQ buffers may be essential. More details are discussed in a companion contribution [4].
4
Conclusion

In this contribution, reduction in the maximum number of HARQ processes for LC-MTC is discussed with a focus on HD-FDD, which is of high importance. The following proposals are made:
Proposal 1: The maximum number of HARQ processes for UEs in normal coverage is 3 for HD-FDD.
Proposal 2: The maximum number of HARQ processes for UEs in enhanced coverage is 1 for HD-FDD.
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