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1
Introduction
In RAN1#80bis, the following was agreed on physical timing relationship 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).
It was further agreed that –
· PDSCH narrowband location in the first subframe containing PDSCH which is scheduled by EPDCCH:

· Option 1: Dynamic narrowband location indicated by DCI

· Option 2: Same narrowband location as the associated EPDCCH

· Option 3: Known narrowband location

· FFS: Which Option to select may depend on amount of required coverage enhancement

· It means one or two option(s) in total
· From RAN1#80 agreement: for Rel-13 MTC UEs in enhanced coverage, if subframe n is the last physical downlink control channel for MTC repetition then PDSCH start n + k (k > 0)

· Value of k is:
· Option 1: k is fixed
· Option 1-A: k=1 or 2, where PDSCH is allowed to use a different narrowband from the associated EPDCCH

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

· Option 1-B: k=1, where PDSCH always use the same narrowband location as the associated EPDCCH
· FFS for the subframe n+k not allowed for PDSCH (e.g. PMCH, TDD, HD-FDD)
· Option 2: k is variable
· When not operating coverage enhancement, Option 1 is used when cross-subframe scheduling is used
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 considerations for the timing relationship between the physical downlink control channel for MTC (M-PDCCH) and the PDSCH as well as hybrid ARQ (HARQ) timing aspects.
2
Timing Relationship between M-PDCCH and PDSCH
Based on current agreements, an LC-MTC UE in normal coverage can only receive an M-PDCCH and an unassociated PDSCH in the same subframe. Therefore, the PDSCH is scheduled by the M-PDCCH in a prior subframe via cross-subframe scheduling. The current agreements (from RAN1 #81 noted above) allow for the PDSCH to be scheduled in any configured narrowband as indicated by the DCI (Case 1). The agreement, applicable to only UEs in normal coverage, requires the provision of a gap of at least one subframe between the M-PDCCH and the PDSCH (i.e., k >= 2). 
Scheduling the PDSCH in the same narrowband as the M-PDCCH is not precluded, but based on the agreements it can further be assumed that the UE knows when the PDSCH is scheduled in the same narrowband as the M-PDCCH (Case 2), e.g., through higher layer signalling, and thus does not need to decode the M-PDCCH to obtain this information. It is then justifiable to allow the PDSCH to be scheduled in the next subframe after the M-PDCCH (i.e., k = 1), since the UE can buffer data in the next subframe while it is decoding the DCI in the M-PDCCH. This is illustrated in Figure 1. 
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Figure 1. Timing relationship when the PDSCH is scheduled in the same narrowband as the M-PDCCH in normal coverage.
The same timing relationship (k = 1) can also be preserved for UEs in coverage enhancement, as depicted in Figure 2. If the decoding can be completed within a time interval equal to 1 ms plus the duration of the legacy control region (3 symbols or about 210 s in the best case), data samples for only one subframe need to be buffered. Otherwise, data for at least one subsequent subframe may have to be buffered.
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Figure 2. Timing relationship when the PDSCH is scheduled in the same narrowband as the M-PDCCH in enhanced coverage.
If the PDSCH is scheduled in a different narrowband than the M-PDCCH, then the receiver will need to, in addition to decoding the M-PDCCH, also retune to a new frequency before being able to start receiving the PDSCH. RAN4 input on this issue is still awaited, but our view, noted in a companion contribution [3] is that the retuning time can be up to 1 ms. However, the value of k also needs to take into account the time needed for processing and decoding the M‑PDDCH (after the last repetition is received, in the case of an enhanced-coverage UE). If the retuning time is actually 350 s, for example, and if the decoding time exceeds about 850 s, then a single-subframe gap (i.e., with k = 2) will not provide enough time to the UE to retune to another narrowband and start receiving the first symbol of the PDSCH transmission. This is illustrated in Figure 3 for the enhanced coverage case.
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Figure 3. Timing relationship when the PDSCH is scheduled in a different narrowband than the M-PDCCH in enhanced coverage.
Another consideration for the PDSCH timing relative to the M-PDCCH for UEs in normal coverage in the case of HD-FDD is the number of HARQ processes and the transmission scheme supported, as discussed in another companion contribution [4]. Figure 4 shows two HARQ processes (arrows of a different color are used to link transmissions associated with each HARQ process). It is seen that with this transmission scheme, where the M-PDCCHs for both processes are first transmitted followed by the PDSCHs for both transmissions with a 1-ms gap for retuning (requires the UE to retune only once between the two DL narrowbands), k = 3 is required. Here it is possible to maintain legacy HARQ timing (timing of UL ACK/NACK relative to PDSCH).
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Figure 4. Timing relationship for HD-FDD when the PDSCH is scheduled in a different narrowband than the M‑PDCCH in normal coverage with two HARQ processes.
An alternative scheme for transmission with two HARQ processes is shown in Figure 5. In this implementation, PDSCH transmission is possible with k = 2, but the UE has to retune between the two narrowbands more times than in the previous scheme. For each instance of retuning, a gap of 1 ms is introduced. The final result is an increased delay (the UL ACK/NACK also needs to be delayed to accommodate DL-to-UL retuning/switching) but with no real benefit.
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Figure 5. Alternative timing relationship for HD-FDD when the PDSCH is scheduled in a different narrowband than the M-PDCCH in normal coverage with two HARQ processes.
In Figure 6, transmission with the first approach described above is depicted for three HARQ processes. To allow transmission of the third M-PDCCH, it is seen that k = 4 is required in this case. Legacy timing between PDSCH and UL ACK/NACK can be maintained, however, while providing a 1-ms gap for retuning/switch from DL to UL.
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Figure 6. Timing relationship for HD-FDD when the PDSCH is scheduled in a different narrowband than the M-PDCCH in normal coverage with three HARQ processes.
It is easy to see that the alternative approach (i.e., similar to that in Figure 5) for transmitting M-PDCCH and PDSCH would entail an even higher delay than with two HARQ processes, again with no real benefit.

From the preceding discussion, it is clear that the timing of PDSCH relative to M-PDCCH in the case of HD-FDD also depends on the number of HARQ processes supported and the scheme used for the M-PDCCH and PDSCH transmissions of the multiple processes. This is particularly a consideration for UEs in normal coverage but would not affect UEs in enhanced coverage if only one HARQ processes is supported in that case.

Proposal 1: When deciding the value of k for UEs in normal coverage and enhanced coverage, in addition to the retuning time, the time required for processing/decoding the PDSCH assignment in the M-PDCCH and the number of HARQ processes supported for HD-FDD need to be considered.
3
DL and UL HARQ Timing
Now we consider the timing of the transmission of HARQ-ACK on PUCCH after the transmission of the PDSCH. The legacy HARQ timing is defined with the understanding that the PDSCH is transmitted in the same subframe as the PDCCH/EPDCCH. Here, due to cross-subframe scheduling, we interpret the HARQ timing to refer to the relationship between PDSCH reception and UL HARQ-ACK transmission. Thus, according to legacy timing, if the PDSCH transmission is completed in subframe n, the transmission of the HARQ-ACK can begin after a 3-ms delay, i.e., in subframe n+4. For a UE in normal coverage, based on the observations in Section 2, there may be a need to change the timing for HD-FDD if the scheme depicted in Figure 5 is used for M-PDCCH and PDSCH transmissions. However, our view is that three HARQ processes should be supported using the transmission scheme illustrated in Figure 6, whereby the legacy timing can be followed [4].
Proposal 2: The timing between reception of the PDSCH (which is received with a delay relative to M-PDCCH) and transmission of the HARQ-ACK for LC-MTC UEs in normal coverage shall follow timing specified for legacy HARQ-ACK transmission.

For a UE in enhanced coverage, transmissions are repeated both on the DL and the UL. Therefore, preserving the timing relationship between PDSCH reception and HARQ-ACK transmission (carried, for example on the PUCCH) implies that the first repetition of the ACK/NACK is transmitted on the UL 3 ms after the last repetition of the PDSCH is received on the DL. This is illustrated in Figure 7 for FD-FDD. The 3-ms gap should be adequate for the UE to complete DL processing related to decoding the PDSCH and perform UL processing in preparation for ACK/NACK transmission.

[image: image7.emf] 

D   …   D   D  D  D  D  

      n  n +1  n +2  n +3  

U   U   U   U  U  U  U  U  U  …  U  

D  D  D  D  

n+ 4  n +5    

DL   NB  

UL   NB  

PDSCH  

ACK/NACK  

Time available for  PDSCH decoding  and ACK/ NACK preparation  


Figure 7. Timing relationship between PDSCH and ACK/NACK in FD-FDD.
Given the very limited number of coverage enhancement levels, it is possible that the UE can successfully decode the PDSCH well before the last repetition is received on the DL. This may happen, for example, if the number of required repetitions is less than that for the configured coverage enhancement level (and higher than that for the next lower level). In such cases, the LC-MTC UE can derive power consumption savings by terminating its PDSCH reception early. Without any indication of the early termination from the UE, the eNB would continue to transmit the configured number of repetitions. Alternatively, to prevent the eNB from performing unnecessary transmissions and hence to save resources, the UE can begin transmission of its HARQ-ACK repetitions at an earlier subframe than indicated by the above timing. For the eNB to receive the HARQ-ACK in this case, however, it would have to anticipate a potentially early transmission. This would be beneficial, however, only if the eNB decodes the HARQ-ACK substantially before it completes transmission of the remaining repetitions of the PDSCH. This is illustrated in Figure 8. The dashed arrow represents the normal timeline for transmission of UL ACK/NACK whereas the dotted arrow represents the modified timeline with early termination by the UE. The ad hoc savings in resources would come at the expense of a dynamically modified HARQ timing, which may negate some of the benefits.
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Figure 8. Early termination of PDSCH reception and early transmission of UL ACK/NACK in enhanced coverage
Proposal 3: The benefits of early termination with respect to UE power savings and early transmission of UL HARQ-ACK for LC-MTC UEs in enhanced coverage should be further studied.

The case of HD-FDD is similar to FD-FDD. During the subframes when the PDSCH is transmitted, the UE is in reception mode. If the last PDSCH repetition is transmitted in subframe n, the timing for the first UL ACK/NACK transmission can again be fixed at n+4. The UE needs to decode the PDSCH, retune and switch from reception mode to transmission mode, and prepare for ACK/NACK transmission, for which the 3-ms gap should be adequate.

In the case of TDD, the timing for UL ACK/NACK transmission after reception of the last PDSCH repetition depends on the UL subframes available within the TDD configuration. Basically, the legacy HARQ timing for the DL subframe in which the last PDSCH transmission is received can be followed for transmission of the first repetition of the UL ACK/NACK transmission. If the last PDSCH transmission is received in subframe n, then the HARQ-ACK transmission can be begin at the first UL subframe following subframe n+3 (i.e., no earlier than subframe n+4).
Proposal 4: The timing between reception of the last repetition of PDSCH (which is received with a delay relative to M-PDCCH) and transmission of the first repetition of the HARQ-ACK for LC-MTC UEs in enhanced coverage shall follow timing specified for legacy HARQ-ACK transmission.
For an LC-MTC UE in normal coverage, similar to the DL, three UL HARQ processes can be supported in the case of HD-FDD while following legacy timing between the UL grant and the PUSCH, as illustrated in Figure 9.
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Figure 9. Timing relationship for HD-FDD in normal coverage with three HARQ processes.
Proposal 5: The timing between reception of the UL grant and transmission of the PUSCH for LC-MTC UEs in normal coverage shall follow timing specified for legacy PUSCH transmission.
For an LC-MTC UE in enhanced coverage, the timing of the first PUSCH transmission relative to the last transmission of the UL grant in the case of FD-FDD can be derived from legacy timing. That is, if the last repetition of the UL grant is received in subframe n, the first repetition of the PUSCH is transmitted in subframe n+4. Here again, the case of HD-FDD is similar to FD-FDD and the gap between reception of the UL grant and transmission of PUSCH can absorb the receive-to-transmit retuning/switching delay of the UE.
Proposal 6: The timing between reception of the last repetition of the UL grant and transmission of the first repetition of the PUSCH for LC-MTC UEs in enhanced coverage shall follow timing specified for legacy PUSCH transmission for FD-FDD and HD-FDD.

The issue becomes more complicated in the case of TDD. The legacy specification for the timing between the UL grant and PUSCH allows for transmission of the UL grant in only a subset of the DL subframes for UL/DL subframe configurations in which there are more DL subframes than UL subframes (i.e., the DL subframe in which the UL grant shall be transmitted for PUSCH transmission in each UL subframe is specified). In enhanced coverage operation, depending on when the first repetition is transmitted and the number of repetitions being transmitted, the last repetition of the UL grant may be transmitted in any UL subframe. If the last repetition of the UL grant is transmitted in one of the DL subframes allowable in legacy specification, then the timing for the first repetition of the PUSCH is specified if legacy timing is adopted. If the last repetition of the UL grant is transmitted in one of the other DL subframes, however, the timing for the first repetition of the PUSCH may need to be newly defined. Figure 10 illustrates this problem for TDD UL/DL configuration 1, where timing for PUSCH transmission is not specified for the case where the last repetition of the UL grant transmitted in subframe 5. When the last repetition for the UL grant ends in an invalid subframe, one option is for the UE to assume that the timing is based on the next valid subframe for UL grant transmission. This is illustrated for an example with TDD configuration 1 in Figure 11. Here the last repetition for the UL grant is transmitted in subframe 5 of SFN N, which is not a valid subframe for an UL grant. The timing for the first repetition of the PUSCH transmission can be based on the assumption that the UL grant transmission ends in subframe 6, which is the subframe for scheduling transmission in subframe 2 of SFN N+1. Accordingly, the first repetition of PUSCH can be transmitted in subframe 2 of SFN N+1. While this is one simple option, other options may also exist and should be explored.
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Figure 10. There is no legacy timing specification defined for UL grants transmitted in certain DL subframes for an LC MTC UE in enhanced coverage.
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Figure 11. Timing for PUSCH transmission derived from next valid subframe for UL grant for an LC-MTC UE in enhanced coverage. 
Proposal 7: Options for the timing of PUSCH transmission after reception of an UL grant for LC-MTC UEs in enhanced coverage should be further studied for TDD considering cases not supported through legacy timing.
If legacy UL synchronous HARQ timing is followed for the transmission timing of the UL grant after reception of the PUSCH, it means that if the last repetition of the PUSCH transmission is received in subframe n, the first repetition of the next UL grant is transmitted in subframe n+4. This would only be possible if no transmission is scheduled to be repeated on the DL in that subframe. Since an ongoing repeated transmission on the DL cannot be interrupted, other options for the timing would need to be considered. Furthermore, the M-PDDCH occasion defining the subframe in which the first transmission of the UL grant should occur may be specified, in which case the timing for the UL grant would be derived from this specification. 
Proposal 8: Options for the timing between reception of PUSCH and transmission of the next UL grant to LC-MTC UEs in enhanced coverage should take into account restrictions on M-PDCCH starting subframe and should be further studied.
4
Conclusion


In this contribution, considerations for the timing relationship between the physical downlink control channel for MTC (M-PDCCH) and the PDSCH and HARQ aspects are discussed. The following proposals are made:
Proposal 1: When deciding the value of k for UEs in normal coverage and enhanced coverage, in addition to the retuning time, the time required for processing and decoding the PDSCH assignment in the M-PDCCH as well the number of HARQ processes supported for HD-FDD need to be considered.
Proposal 2: The timing between reception of the PDSCH (which is received with a delay relative to M-PDCCH) and transmission of the HARQ-ACK for LC-MTC UEs in normal coverage shall follow timing specified for legacy HARQ-ACK transmission.

Proposal 3: The benefits of early termination with respect to UE power savings and early transmission of UL HARQ-ACK for LC-MTC UEs in enhanced coverage should be further studied.

Proposal 4: The timing between reception of the last repetition of PDSCH (which is received with a delay relative to M-PDCCH) and transmission of the first repetition of the HARQ-ACK for LC-MTC UEs in enhanced coverage shall follow timing specified for legacy HARQ-ACK transmission.
Proposal 5: The timing between reception of the UL grant and transmission of the PUSCH for LC-MTC UEs in normal coverage shall follow timing specified for legacy PUSCH transmission.
Proposal 6: The timing between reception of the last repetition of the UL grant and transmission of the first repetition of the PUSCH for LC-MTC UEs in enhanced coverage shall follow timing specified for legacy PUSCH transmission for FDD and HD-FDD.

Proposal 7: Options for the timing of PUSCH transmission after reception of an UL grant for LC-MTC UEs in enhanced coverage should be further studied for TDD considering cases not supported through legacy timing.
Proposal 8: Options for the timing between reception of PUSCH and transmission of the next UL grant to LC-MTC UEs in enhanced coverage should take into account restrictions on M-PDCCH starting subframe and should be further studied.
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