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In RAN#73, the update of work item on enhancements of NB-IoT was approved. According to the updated WID [1], objectives on further power consumption and latency reduction for NB-IoT are listed as follows:
Power consumption and latency reduction
· Support in DL and UL for 2 HARQ processes and larger maximum TBS [RAN1, RAN2, RAN4].
This contribution discusses the design of 2 HARQ processes for NB-IoT downlink and uplink.
Two HARQ processes for downlink
The required timing relationships using 2 HARQ processes for NPDSCH transmission are shown in Figure 1. The number ‘0’ or ‘1’ on each block in the figure indicates that the transmission belongs to HARQ process 0 or 1. 


[bookmark: _Ref459023256]Figure 1  NPDSCH timing relationships 2-process HARQ
As seen in Figure 1, the 2 HARQ processes may occur in parallel. To maintain low processing complexity for the NB-IoT UE, some additional timing relationships need to be defined for 2 HARQ processes based on the existing timing relationship in Rel-13, which can be summarized as follows:
· x1: Gap between the end of NPDCCH transmission and the start of the following NPDSCH transmission.
· x2: Gap between the end of NPDSCH transmission and the start of the next NPDSCH transmission.
· x3: Gap between the end of NPDSCH transmission and the start of the following NPUSCH format 2 transmission.
· x4: Gap between the end of NPUSCH format 2 transmission and the start of the next NPUSCH format 2 transmission.
· x5: Gap between the end of NPUSCH format 2 transmission and the start of the following downlink transmission. This is equivalent to the minimum 3 ms gap from any UL to next DL in Rel-13.
To avoid a significant increase in UE processing complexity for NPDCCH blind decoding, the value of x1 can refer to the related timing relationship in Rel-13. There is an existing constraint in Rel-13 that a gap of at least 4 ms exists between NPDCCH and the start of NPDSCH. The principle can be reused for the range of x1, so x1 ≥ 4 ms. 
At most two DL grants can occur before any NPDSCH transmission begins. Therefore, UE can stop monitoring NPDCCH after receiving two DL grants before any NPDSCH transmission begins. These two grants can occur in two AL=1 candidates (if they exist) in one subframe or in separate subframes, or in higher AL candidates in other subframes of the same search space. They can also occur in separate search spaces.
Proposal 1: x1 ≥ 4 ms, i.e. the start of the first NPDSCH transmission is at least 4 ms later than the end of the last DL grant.
Proposal 2: After receiving one DL grant, Rel-14 UE is required to continue monitoring any NPDCCH search spaces containing candidates ending at least 4 ms before the start of the first NPDSCH. UE is not required to monitor NPDCCH between the end of a second DL grant and the start of the first NPDSCH.
As shown in Figure 1, two NPDSCH transmissions may be scheduled one after the other. To avoid additional UE memory being needed for storing the received signal of the second NPDSCH transmission, each NPDSCH should be fully decoded before the start of reception of the next NPDSCH. The Rel-13 timing relationship of 12 ms from NPDSCH→A/N can be reduced by the time allowance for protocol and radio TX/RX turn-around which is not relevant for the case of NPDSCH to NPDSCH. We consider that a new timing relationship of x2 = 8 ms for NPDSCH to NPDSCH avoids an increase in processing MIPS for TBCC decoding with 2-process HARQ, whilst also allowing for an increase in maximum TBS for NPDSCH as proposed in [2].
Proposal 3: x2 ≥ 8 ms, i.e. NPDSCHs associated with 2 HARQ processes are scheduled with a gap of at least 8 ms.
The minimum value of x3 and x5 can refer to the corresponding timing relationships defined in Rel-13. In Rel-13, the start of NPUSCH format 2 transmission should be at least 12 ms later than the end of NPDSCH transmission. Moreover, NB-IoT UE is not required to monitor NPDCCH until 3 ms after the end of an NPUSCH format 2 transmission. Thus, x3 ≥ 12 ms and x5 ≥ 3 ms. 
Regarding two consecutive NPUSCH format 2 transmissions, since the preparation of 1 bit ACK/NACK transmission requires a trivial processing, it is easy for NB-IoT UE to transmit them with no extra time allowance.
Proposal 4: x3 ≥ 12 ms, i.e. the start of the first ACK/NACK on NPUSCH format 2 is at least 12 ms later than the end of the last NPDSCH.
Proposal 5: x4 ≥ 0 ms, i.e. ACK/NACKs for 2 HARQ processes on NPUSCH format 2 can be scheduled with no gap.
The meaning and value of x5 is unchanged from Rel-13. 
With these timing relationships in place, there is no possibility for collision between the NPDSCH/NPUSCH of the two HARQ processes. Any scheduling which does not adhere to these relationships is invalid, and the UE behavior is unspecified.
Two HARQ processes for uplink
The following timing relationships need to be defined for 2 HARQ processes for NPUSCH format 1 transmission, as illustrated in Figure 2. 
· y1: Gap between the end of NPDCCH transmission and the start of the following NPUSCH format 1 transmission.
· y2: Gap between the end of NPUSCH format 1 transmission and the start of the next NPUSCH format 1 transmission.
· y3: Gap between the end of NPUSCH format 1 transmission and the start of the following NPDCCH transmission.

 
[bookmark: _Ref460837039]Figure 2  NPUSCH format 1 transmission procedure with 2-process HARQ
The minimum value of y1, y2 and y3 can refer to the corresponding timing relationships in Rel-13, which were designed to limit the NB-IoT UE complexity:
· The start of NPUSCH transmission is at least 8ms later than the end of its associated NPDCCH transmission, i.e. y1 = 8 ms.
· The start of DL A/N transmission is at least 3ms later than the end of the corresponding NPUSCH transmission, i.e. y3 = 3 ms.
The gap between two consecutive NPUSCH format 1 transmissions must allow sufficient time for preparation of the second NPUSCH transmission by the UE. In order to avoid a significant increase in UE complexity, we consider that a gap of at least y2 ≥ 3 ms is reasonable.
Proposal 6: y1 ≥ 8 ms, i.e. the start of the first NPUSCH transmission is at least 8 ms later than the end of the last UL grant. 
Proposal 7: After receiving one UL grant, Rel-14 UE is required to continue monitoring any NPDCCH search spaces containing candidates ending at least 8 ms before the start of the first NPUSCH. UE is not required to monitor NPDCCH between the end of the second DL grant and the start of the first NPUSCH.
Proposal 8: y2 ≥ 3 ms, i.e. NPUSCHs for 2 HARQ processes are scheduled with a gap of at least 3 ms.
The meaning and value of y3 is unchanged from Rel-13. 
As for the DL, any NPUSCH scheduling not adhering to these timing relationships is invalid, and has no specified UE behavior.
Use of one HARQ process
By maximally reusing the timing relationships in Rel-13, the proposed timing relationships for 2 HARQ processes not only ensure the maintenance of low device complexity, they also make Rel-14 NB-IoT UE compatible with single HARQ process scheduling in Rel-13 network. Considering the two examples shown in Figure 1 and Figure 2, the proposed timing relationships will be the same as those in Rel-13 if only one HARQ process is scheduled, and it does not matter which process is used by eNB.
Observation 1: The proposed timing relationships for 2 HARQ processes become the same as the Rel-13 timing relationships when a single HARQ process is used.






Conclusion
The proposed timing relationships for downlink and uplink 2 HARQ processes are summarized in 
Figure 3 and Figure 4, respectively.


[bookmark: _Ref462931152]Figure 3  Proposed timing relationships for downlink 2 HARQ processes


[bookmark: _Ref462931158]Figure 4  Proposed timing relationships for uplink 2 HARQ processes
Based on the analysis in this paper, the related proposals are listed as follows:
Proposal 1: x1 ≥ 4 ms, i.e. the start of the first NPDSCH transmission is at least 4 ms later than the end of the last DL grant.
Proposal 2: After receiving one DL grant, Rel-14 UE is required to continue monitoring any NPDCCH search spaces containing candidates ending at least 4 ms before the start of the first NPDSCH. UE is not required to monitor NPDCCH between the end of a second DL grant and the start of the first NPDSCH.
Proposal 3: x2 ≥ 8 ms, i.e. NPDSCHs associated with 2 HARQ processes are scheduled with a gap of at least 8 ms.
Proposal 4: x3 ≥ 12 ms, i.e. the start of the first ACK/NACK on NPUSCH format 2 is at least 12 ms later than the end of the last NPDSCH.
Proposal 5: x4 ≥ 0 ms, i.e. ACK/NACKs for 2 HARQ processes on NPUSCH format 2 can be scheduled with no gap.
Proposal 6: y1 ≥ 8 ms, i.e. the start of the first NPUSCH transmission is at least 8 ms later than the end of the last UL grant.
Proposal 7: After receiving one UL grant, Rel-14 UE is required to continue monitoring any NPDCCH search spaces containing candidates ending at least 8 ms before the start of the first NPUSCH. UE is not required to monitor NPDCCH between the end of the second DL grant and the start of the first NPUSCH.
Proposal 8: y2 ≥ 3 ms, i.e. NPUSCHs for 2 HARQ processes are scheduled with a gap of at least 3 ms.
Observation 1: The proposed timing relationships for 2 HARQ processes become the same as the Rel-13 timing relationships when a single HARQ process is used.
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