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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: _GoBack]In RAN#73, the updated 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].
In RAN1 #86bis, the agreements on larger maximum TBS for NB-IoT downlink and uplink are listed as follows:
· Maximum DL TBS is 1352 bits
· Maximum UL TBS is 1800 bits
· The same values of N_SF and N_RU and I_TBS are used as in Rel-13
This contribution discusses the design of 2 HARQ processes for NB-IoT downlink.
[bookmark: _Ref465177277]Analysis of processing complexity of NB-IoT downlink
1.1 [bookmark: _Ref465176087]Processing complexity of NPDCCH blind decoding 
Ultra-low UE complexity is one of the key requirements of NB-IoT. Therefore, the support of 2 HARQ processes in Rel-14 NB-IoT should maintain similar processing complexity for the UE as for Rel-13 NB-IoT. 
In Rel-13 NB-IoT, blind decoding of NPDCCH requires higher processing capability than other decoding operations. Therefore, it is useful to evaluate the processing requirements for NPDCCH in order to provide a benchmark for other UE processing operations.
The worst case scenario for NPDCCH is with Rmax configured to 8 for type-2 CSS or USS. In this case, decoding of 15 NPDCCH candidates has to be finished within (8+4-1) = 11 ms. 
A tail-biting convolutional code with the parameters (3, 1, 7) is used for NB-IoT downlink. For the training of the decoder, the short NPDCCH transport block of 39 bits needs to be repeated several times to extend the length of equivalent information sequence to around three times the trace-back depth. Since the constraint length is 7, the trace-back depth is usually set within the range 7x5 = 35 to 7x10 = 70. Assuming a trace-back depth of 50, the length of equivalent information sequence is 50x3 = 150 for the decoding of each NPDCCH transport block. In addition, the path metrics of 27-1 = 64 states have to be updated for each information bit. Each update consumes an “add-compare-select” operation, which comprises three arithmetic operations. 
According to the above, the number of arithmetic operations for decoding 15 candidates is calculated as 15x150x64x3 = 432000. The required processing capability is 432000/0.011 = 39.3 MOPS. Note that this does not include control operations or memory accesses.
1.2 Processing complexity of NPDSCH decoding with larger maximum TBS
In RAN1 #86bis, the maximum TBS of NPDSCH is agreed to be increased to 1352 bits [2]. Assuming 150 bits is added to the start or the end of NPDSCH transport block to train the decoder, the number of arithmetic operations for decoding NPDSCH with TBS of 1352 bits is calculated as 1500x64x3 = 288000. The required processing capabilities corresponding to different decoding times are listed in Table 1. 
[bookmark: _Ref465176021]Table 1  Processing capabilities corresponding to different NPDSCH decoding times
	Decoding time (ms)
	5
	6
	7
	8
	9

	Processing capability (MOPS)
	57.6
	48
	41.1
	36
	32



Compared to NPDCCH blind decoding, it is seen that a decoding time of less than 8 ms for NPDSCH decoding would require higher processing capability. In other words, at least 8 ms decoding time should be reserved for NPDSCH decoding considering the maximum TBS of 1352 bits in order to avoid an increase in UE processing complexity.
Observation 1: With a maximum TBS of 1352 bits, NPDSCH decoding requires a decoding time of at least 8 ms to maintain similar processing complexity as for NPDCCH blind decoding.
Constraints on resource allocation of two HARQ processes
As illustrated in Figure 1, the two HARQ processes’ timelines may occur in parallel. The number ‘0’ or ‘1’ on each block in the figure indicates that the transmission belongs to HARQ process 0 or 1.
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[bookmark: _Ref459023256]Figure 1  NPDSCH timing relationships 2-process HARQ
To maintain low processing complexity for the NB-IoT UE, some constraints 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. The gap is reserved not only for UL/DL switch, but also for protocol processing and initialization of NPDCCH monitoring (e.g., set up NRS sequence, scrambling sequence, interleaver, Viterbi states of decoder). The Rel-13 timing relationship of minimum 3 ms gap from any UL to next DL is fully applicable to x5, so x5 ≥3 ms.
Observation 2: The constraint of minimum 3 ms gap from any UL to next DL in Rel-13 is fully applicable to x5, so x5 ≥ 3 ms.
1.3 Rules of NPDCCH monitoring
To support two HARQ processes, the NB-IoT UE has to keep monitoring NPDCCH after the UE receives the first DL grant. However, NPDCCH blind decoding requires higher processing capability than the other operations 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, which is to reserve time for the low complexity UE to finish NPDCCH decoding before receiving NPDSCH. To avoid an obvious increase of processing complexity for the NB-IoT UE, the constraint on x1 should follow the corresponding timing relationship in Rel-13. This principle can be reused for the minimum value of x1, so x1 ≥ 4 ms.
Proposal 1: After receiving one DL grant, Rel-14 UE is required to continue monitoring any NPDCCH search spaces containing candidates ending at least 4 ms (i.e., x1 ≥ 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.
Furthermore, at most two DL grants can occur before any following NPDSCH transmission begins. Therefore, UE can stop monitoring NPDCCH after receiving two DL grants before any following 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 2: After receiving two DL grants before any following NPDSCH starts, Rel-14 UE is not required to monitor NPDCCH until 3 ms after the end of the second NPDSCH transmission.
1.4 Timing relationships of two HARQ processes
According to the analysis in section 2, a decoding time of at least 8 ms is required for each NPDSCH transmission to maintain similar UE processing complexity as for Rel-13 NB-IoT. As shown in Figure 1, two NPDSCH transmissions may be scheduled one after the other. Without constraints on the gaps between transmissions of 2 HARQ processes, processing complexity may increase significantly. 
The following subsections analyze firstly the case when allowing a zero gap between the NPDSCH transmissions for the two HARQ processes, and secondly the case of a constraint that ensures a non-zero gap between the two transmissions. The intention is to consider the trade-off between UE complexity and peak data throughput for the two cases. 
1.4.1 Processing complexity and peak data rate when allowing a zero gap between NPDSCH transmissions of two HARQ processes
Assuming a zero gap is allowed between transmissions of two HARQ processes, the peak data rate can be reached with the resource allocations shown in Figure 2. 
Rather than applying the maximum TBS of 1352 bits to the two NPDSCH transmissions, a TBS of 1128 bits is used to make each NPDSCH transmission occupy 5 subframes, which enables the 2 HARQ processes to finish within 32 ms. This results in a peak data rate is (2x1128) bits / 32 ms = 70.5 kbps. 
Note that if instead the maximum TBS of 1352 bits is applied, the overall transmissions of the 2 HARQ processes will take 40 ms which corresponds to a data rate of (2x1352) bits / 40 ms = 67.6 kbps. Therefore, it can be seen that the lower TBS of 1128 bits does provide the high data rate, due to allowing a shorter period of 32ms between NPDCCH.
 [image: ]
[bookmark: _Ref465263351]Figure 2  2-process HARQ with a zero gap between the transmissions of the two processes
However, from Figure 2, it can be observed that parallel processing is needed between the decoding of the first NPDSCH transmission and all the operations except decoding for the second NPDSCH transmission. Compared to the sequential processing that can be used for the single HARQ process in Rel-13, the parallel processing shown in Figure 2 obviously requires higher processing capability and hardware complexity for the NB-IoT UE.
Observation 3: The peak downlink data rate for two HARQ processes is 70.5 kbps if a zero gap is allowed between the NPDSCH transmissions of the two HARQ processes. However, parallel processing (or substantially faster sequential processing) is required by the UE which increases UE complexity compared with the much simpler sequential processing that can be used for the single HARQ process in Rel-13.
In fact, even worse situations than shown in Figure 2 can arise when allowing a zero gap between the transmissions of the two HARQ processes, as illustrated with the two examples in Figure 3. In Figure 3(a), the gap between the end of the second NPDSCH and the first NPUSCH format 2 is only 2 ms. This is entirely unsuitable for sequential baseband processing and decoding of the two NPDSCH transmissions within such a short gap for a low cost UE. Figure 3(b) shows an even more problematic case due to allowing a zero gap between the transmissions of the two HARQ processes, in which each of the two NPDSCH transmissions is scheduled as two repetitions with 6 subframes for each repetition. In this case, there is no gap between the second NPDSCH and the first NPUSCH format 2 transmission. In other words, no time is reserved for DL/UL switching of the UE, nor for sequential baseband processing and decoding of the two NPDSCH transmissions.


[image: ]
[bookmark: _Ref465964302]Figure 3  Even worse case with 2-process HARQ with a zero gap between the transmissions of the two processes
In summary, if a zero gap is allowed between the NPDSCH transmissions of the two HARQ processes, then there are multiple scheduling configurations that would cause severe timing constraints to be imposed on the UE, far in excess of the Rel-13 timing constraints, which will lead to a large increase in UE complexity. 
Observation 4: If a zero gap is allowed between the NPDSCH transmissions of the two HARQ processes, then there are multiple scheduling configurations that would cause severe timing constraints to be imposed on the UE, far in excess of the Rel-13 NB-IoT timing constraints, which will lead to a large increase in UE complexity. 
1.4.2 Processing complexity and peak data rate with a non-zero constraint on the gap between NPDSCH transmissions of two HARQ processes
To improve the peak data rate of NB-IoT downlink with little impact on processing complexity, sequential processing should be allowed by defining a suitable constraint on the gap between the NPDSCH transmissions of the two HARQ processes. 
In Rel-13, the start of NPUSCH format 2 transmission is at least 12 ms later than the end of NPDSCH transmission. This timing relationship can be retained for the minimum value of x3. Thus, x3 ≥ 12 ms. 
Proposal 3: 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.
Regarding two consecutive NPUSCH format 2 transmissions, the preparation of a 1 bit ACK/NACK transmission requires relatively trivial processing. Therefore, it is straightforward for the NB-IoT UE to transmit the consecutive NPUSCH format 2 transmissions with no extra time allowance, which means x4 may equal 0 ms. 
Proposal 4: x4 ≥ 0 ms, i.e. ACK/NACKs for 2 HARQ processes on NPUSCH format 2 can be scheduled with no gap.
As shown in Figure 3, the decoding of the first NPDSCH can be split into two halves, while still allowing a total decoding time of 8 ms for each NPDSCH transmission. Specifically, by providing at least 4 ms between two consecutive NPDSCH transmissions, a decoding time of at least 8 ms can be ensured for each NPDSCH transmission without requiring physical layer parallel processing. Furthermore, this applies to all possible resource allocations, for example NPDSCH transmissions that require more than 6 subframes.
Proposal 5: x2 ≥ 4 ms, i.e. NPDSCHs associated with 2 HARQ processes are scheduled with a gap of at least 4 ms.
In Figure 3, the corresponding peak data rate is (1352x2) bits / 40 ms = 67.6 kbps, which is only 4.1% lower than the peak data rate achieved with a zero gap between the NPDSCH transmissions. However, with this approach, sufficient decoding time is provided to allow sequential processing and so to avoid the need for parallel processing. Not only does this minimize UE complexity, but it also allows, in principle, a Rel-13 NB-IoT UE to support 2 HARQ processes and larger maximum TBS by firmware update.
In summary, allowing a zero gap between the NPDSCH transmissions for the two HARQ processes would provide only a small (~4%) increase in peak data rate but would require a substantial increase in UE complexity compared with Rel-13 NB-IoT. Given that one of the key requirements of NB-IoT is ultra-low UE complexity, it is appropriate to adopt the lower complexity solution given the small impact on peak data rate.
Observation 5: With a suitable minimum gap between the NPDSCH transmissions of the two HARQ processes, the peak downlink data rate for two HARQ processes is 67.6 kbps. This is only 4.1% lower than the peak data rate if a zero gap is allowed between the NPDSCH transmissions. The non-zero gap allows sequential processing to be used at the UE of similar complexity to Rel-13 NB-IoT and much lower complexity than if a zero gap is allowed. 
Furthermore, 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.
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[bookmark: _Ref465193968]Figure 4  2-process HARQ with a non-zero constraint on the gap between the transmissions of the two processes. Minimum timing relationships are shown in red text.
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 UE complexity, they also make Rel-14 NB-IoT UE compatible with single HARQ process scheduling in a Rel-13 network. Considering Figure 1, the proposed timing relationships will be the same as those in Rel-13 if only one HARQ process is scheduled, and, furthermore, it does not matter which process is used by the eNB.
Observation 6: When a single HARQ process is used, the proposed timing relationships for two HARQ processes become the same as the Rel-13 timing relationships.
Conclusion
Ultra-low UE complexity is one of the key requirements of NB-IoT. Therefore, the support of 2 HARQ processes in Rel-14 NB-IoT should maintain similar processing complexity for the UE as for Rel-13 NB-IoT. 
The proposed timing relationships for downlink 2-process HARQ are summarized in Figure 4, and in the following observations and proposals.
[image: ]
[bookmark: _Ref462931152]Figure 5  Proposed timing relationships for downlink 2-process HARQ
Observation 1: With a maximum TBS of 1352 bits, NPDSCH decoding requires a decoding time of at least 8 ms to maintain similar processing complexity as for NPDCCH blind decoding.
Observation 2: The constraint of minimum 3 ms gap from any UL to next DL in Rel-13 is fully applicable to x5, so x5 ≥ 3 ms. 
Observation 3: The peak downlink data rate for two HARQ processes is 70.5 kbps if a zero gap is allowed between the NPDSCH transmissions of the two HARQ processes. However, parallel processing (or substantially faster sequential processing) is required by the UE which increases UE complexity compared with the much simpler sequential processing that can be used for the single HARQ process in Rel-13.
Observation 4: If a zero gap is allowed between the NPDSCH transmissions of the two HARQ processes, then there are multiple scheduling configurations that would cause severe timing constraints to be imposed on the UE, far in excess of the Rel-13 timing constraints, which will lead to a large increase in UE complexity. 
Observation 5: With a suitable minimum gap between the NPDSCH transmissions of the two HARQ processes, the peak downlink data rate for two HARQ processes is 67.6 kbps. This is only 4.1% lower than the peak data rate if a zero gap is allowed between the NPDSCH transmissions. The non-zero gap allows sequential processing to be used at the UE of similar complexity to Rel-13 NB-IoT and much lower complexity than if a zero gap is allowed.
Observation 6: When a single HARQ process is used, the proposed timing relationships for 2 HARQ processes become the same as the Rel-13 timing relationships.
Proposal 1: After receiving one DL grant, Rel-14 UE is required to continue monitoring any NPDCCH search spaces containing candidates ending at least 4 ms (i.e., x1 ≥ 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 2: After receiving two DL grants before any following NPDSCH starts, Rel-14 UE is not required to monitor NPDCCH until 3 ms after the end of the second NPDSCH transmission.
Proposal 3: 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 4: x4 ≥ 0 ms, i.e. ACK/NACKs for 2 HARQ processes on NPUSCH format 2 can be scheduled with no gap.
Proposal 5: x2 ≥ 4 ms, i.e. NPDSCHs associated with 2 HARQ processes are scheduled with a gap of at least 4 ms.
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