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1
Introduction
The Rel-14 work item on enhancement of NB-IoT includes an objective on power consumption and latency reduction through supporting of 2 HARQ processes in the DL and UL [1]. In RAN1 #86bis, there were two Way Forwards on timing relationships for supporting 2 HARQ processes [2]

 REF _Ref465755094 \r \h 
[3] and a decision was made to continue discussions until the current meeting [4]. In this contribution, we provide our views on timing relationships.
2
Discussion
In Rel-13, the DL HARQ timing for the single supported HARQ process is as illustrated in Figure 1. There is a minimum scheduling gap of 4 ms between the NPDCCH and the NPDSCH and any additional scheduling delay (up to 1024 ms depending on the repetition number) is indicated in the DCI. A minimum gap of 12 ms between NPDSCH reception and UL ACK/NACK transmission is also allowed for processing at the UE, with a further time offset (up to 8 ms for 3.75 kHz transmission and 5 ms for 15 kHz transmission) that is allowed and indicated in the DCI. The time between transmission of the UL ACK/NACK and the reception of the NPDCCH scheduling the next transmission is a minimum of 3 ms and the actual gap depends on the occurrence of the next search space.
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Figure 1. DL HARQ in Rel-13.
The NPDCCH can be transmitted in a minimum of 1 ms. It has been agreed in RAN1 #86bis that the maximum DL TBS is increased to 1352 bits [4]. The largest transport block can be transmitted over 6 ms according to the updated TBS table agreed to in recent email discussions. The minimum resource unit size for UL ACK/NACK transmission is 2 ms. Therefore, the minimum round-trip time (RTT) to achieve the peak DL data rate is 28 ms. Thus, it takes at least 28 ms to transmit a single DL data transport block of the largest size in Rel-14. In practice, the opportunity for the next NPDCCH following UL ACK/NACK depends on the occurrence of DL subframes used for transmission of NPSS, NSSS, and NPBCH and on the search space parameters Rmax, G, and offset; therefore, the RTT is longer. Furthermore, it can be variable over time. Considering a fixed RTT of 28 ms, i.e., ignoring scheduling constraints, the peak DL data rate with 1 HARQ process is 48.3 kbps.
Figure 2 shows the HARQ timing for the single UL HARQ process supported in Rel-13. In this case, the minimum scheduling gap between the NPDCCH and the NPUSCH, indicated in the DCI, is 8 ms (and can be as much as 64 ms). The time between transmission of the NPUSCH and the reception of the NPDCCH scheduling the next UL transmission is a minimum of 3 ms and the actual gap depends on the occurrence of the next search space.
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Figure 2. UL HARQ in Rel-13.
The agreed new maximum TBS for UL is 1800 bits [4], which can be transmitted over a resource unit that is 8 ms long. Therefore, the minimum RTT for UL HARQ is 20 ms to achieve the peak UL data rate. This means that it takes at least 20 ms to transmit a single UL data transport block of the largest size in Rel-14. As explained for the DL above, in practice the RTT is longer. Ignoring scheduling constraints and assuming a fixed RTT of 20 ms, the peak UL data rate is 90 kbps.
The motivation for supporting a second HARQ process is that two transport blocks can be transmitted in the DL or UL over a time duration that is less than double the RTT for a single HARQ process. If this time duration is, on average, not substantially higher than the single-process RTT, a good gain in data rate can be realized.
Two alternatives for timing relationships with 2 HARQ processes have been proposed as discussed below.

Alternative 1

The first alternative for timing relationships in Rel-14 with 2 DL HARQ processes, proposed in [2], is as depicted in Figure 3. It can be seen that at least two new timing relationships are introduced. The first is the time interval x1 between the first NPDSCH and the second NPDSCH. The second is the time interval x4 between the first UL ACK/NACK and the second UL ACK/NACK. In addition, the time interval x1 describes the timing relationship between the second NPDCCH and the first NPDSCH, where it is assumed that the first NPDCCH and second NPDCCH are successively transmitted within the same search space. Furthermore, the time interval x4 describes the timing relationship between the first UL ACK/NACK and the second UL ACK/NACK. Finally, the time interval x5 describes the timing relationship between the second UL ACK/NACK and the first NPDCCH of the next HARQ cycle. The following are proposed:
· x1 ≥ 4 ms

· x2 ≥ 8 ms

· x3 ≥ 12 ms

· x4 ≥ 0 ms

· x5 ≥ 3 ms
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Figure 3. Timing with 2 DL HARQ processes based on Alternative 1.
It can be see that with these proposals the support for the second HARQ process comes at the expense of increased HARQ RTT. Most significantly, a minimum gap of 8 ms is introduced between the end of the first MPDSCH and the beginning of the second NPDSCH and the a gap of at least 12 ms is maintained between the second NPDSCH and the first UL ACK/NACK. The main argument for introducing the timing relationship x4 is to avoid additional memory for the second process. It is observed, however, that the improvement in data rate is curtailed with these proposals. Assuming no scheduling constraints, it can be seen that the minimum RTT with 2 HARQ processes for the largest TBS is 45 ms and the corresponding peak DL data rate is 60.1 kbps for Alternative 1. This translates into a peak data rate improvement of about 25% from increasing the number of DL HARQ processes to 2. the More importantly, the new timing relationships and modification of Rel-13 timing relationship definitions increases the complexity.
Alternative 2

The second alternative for timing relationships in Rel-14 with 2 DL HARQ processes, according to [3], is to maintain Rel-13 timing relationships without additional constraints for the relationship between the two processes. This is illustrated in Figure 4. There is no mutual dependence between the two HARQ processes. Thus, while the NPDSCH of each process is scheduled with a minimum delay of 4 ms, there is no constraint on the gap between the end of the NPDCCH of the second process and the start of the NPDSCH of the first process. Similarly, it is assumed that the second NPDSCH can be scheduled immediately after the first NPDSCH without any gap. While the UL ACK/NACK delay relative to the end of NPDSCH for the same process is still at least 12 ms to allow for UE processing, there is no additional constraint on the gap between the reception of the second NPDSCH and the transmission of the first UL ACK/NACK other than that required for DL/UL switching. Lastly, a 3 ms gap is required between UL ACK/NACK and the next NPDCCH corresponding to the same process, but there is no requirement imposed on the gap between the second UL ACK/NACK and the next NPDCCH corresponding to the first process, other than for UL/DL switching.
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Figure 4. Timing with 2 DL HARQ processes based on Alternative 2.
The timing relationships of the second proposal entail additional UE complexity. However, the Rel-14 UE already incurs increased complexity due to other Rel-14 enhancements such as having to support a larger TBS. Therefore, our view is that the complexity increase due to the timing relationships of the second alternative are reasonable. Furthermore, these timing relationships also reduce the latency and hence increase the data rate relative to the first alternative. Again assuming no scheduling constraints, it can be seen that the minimum RTT with 2 HARQ processes for the largest TBS is 33 ms (using the longer RTT for HARQ process 1 in Figure 4) and the corresponding peak DL data rate is 81.9 kbps for Alternative 2, which is about 36% higher than for Alternative 1 and a 70% improvement over the case of a single HARQ process. While scheduling constraints would change the actual peak data rates that can be achieved, Alternative 2 is still expected to yield higher data rates than Alternative 1. Finally, the implementation and specification complexity is also less for Alternative 2 due to following Rel-13 timing relationships.The timing relationships for UL with 2 HARQ processes based on Alternative 2 are as shown in Figure 5. Assuming no scheduling constraints, the minimum RTT with 2 HARQ processes for the largest TBS is 27 ms (using the longer RTT for HARQ process 1 in the figure) and the corresponding peak UL data rate is 133.3 kbps. That is, the improvement in peak data rate from supporting 2 UL HARQ processes is about 48%.
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Figure 5. Timing with 2 UL HARQ processes based on Alternative 2.
Proposal 1: Given the benefits related to latency, DL/UL data rates, and specification complexity, it is proposed to support Alternative 2 for timing relationships.
Proposal 2: The timing relationships for 2 DL or UL HARQ processes follow Rel-13 timing relationships separately for each process as below with no additional constraints on the timing relationships between the two processes:

· The gap between the end of an NPDCCH transmission and the start of the associated NPDSCH transmission is at least 4 ms.
· The gap between the end of an NPDSCH transmission and the start of the corresponding UL ACK/NACK transmission is at least 12 ms.

· The gap between the end of an UL ACK/NACK transmission and the start of the next corresponding NPDCCH transmission is at least 3 ms.
· The gap between the end of an NPDCCH transmission and the start of the associated NPUSCH transmission is at least 8 ms.
· The gap between the end of an NPUSCH transmission and the start of the next corresponding NPDCCH transmission is at least 3 ms.
From the above discussion, it is seen that the UE needs to monitor the search for more than one NPDCCH if it is configured for operation with 2 HARQ processes. The two NPDCCHs may not be contiguously transmitted. It is useful to limit the transmission of the second NPDCCH to the gap between the first NPDCCH and the associated NPDSCH.
Proposal 3: If the Rel-14 UE is configured for operation with 2 HARQ processes, it monitors the search space for 2 NPDCCH transmissions. It is FFS how much time before the UE starts receiving the NPDSCH corresponding to the first process it stops monitoring the search space for a second NPDCCH. 

As seen in the discussion on DL HARQ, after receiving the UL ACK/NACK for process 1, the UE may need to switch from UL to DL and start monitoring the search space for NPDCCH of process 0 immediately after the 1-ms switching gap. Likewise, in the case of UL HARQ, after receiving the NPUSCH for process 1, the UE may need to switch from UL to DL and start monitoring the search space for NPDCCH of process 0 immediately after the 1-ms switching gap.
Proposal 4: If the Rel-14 UE is configured for operation with 2 HARQ processes, it monitors the search space for an NPDCCH transmission immediately after the 1-ms switching gap following the NPUSCH transmission provided other Rel-13 timing relationships are satisfied.
3
Conclusion

In this contribution, timing relationships for enhancement of NB-IoT by supporting 2 HARQ processes on the DL and UL are discussed. The following proposal is made.
Proposal 1: Given the benefits related to latency, DL/UL data rates, and specification complexity, it is proposed to support Alternative 2 for timing relationships.
Proposal 2: The timing relationships for 2 DL or UL HARQ processes follow Rel-13 timing relationships separately for each process as below with no additional constraints on the timing relationships between the two processes:

· The gap between the end of an NPDCCH transmission and the start of the associated NPDSCH transmission is at least 4 ms.

· The gap between the end of an NPDSCH transmission and the start of the corresponding UL ACK/NACK transmission is at least 12 ms.

· The gap between the end of an UL ACK/NACK transmission and the start of the next corresponding NPDCCH transmission is at least 3 ms.

· The gap between the end of an NPDCCH transmission and the start of the associated NPUSCH transmission is at least 8 ms.
· The gap between the end of an NPUSCH transmission and the start of the next corresponding NPDCCH transmission is at least 3 ms.
Proposal 3: If the Rel-14 UE is configured for operation with 2 HARQ processes, it monitors the search space for 2 NPDCCH transmissions. It is FFS how much time before the UE starts receiving the NPDSCH corresponding to the first process it stops monitoring the search space for a second NPDCCH.
Proposal 4: If the Rel-14 UE is configured for operation with 2 HARQ processes, it monitors the search space for an NPDCCH transmission immediately after the 1-ms switching gap following the NPUSCH transmission provided other Rel-13 timing relationships are satisfied.
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