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Introduction
In the NB-IoT specification [1], the NPUSCH UL Compensation Gap (UCG) definition is given as 
	

After transmissions and/or postponements due to NPRACH of  time units, a gap of  time units shall be inserted where the NPUSCH transmission is postponed. The portion of a postponement due to NPRACH which coincides with a gap is counted as part of the gap.



In RAN1 #92, NPUSCH UL gap insertion for 2 HARQ processes was discussed [1]. For UL 2 HARQ operation, the interpretation of NPUSCH UL Compensation Gap (UGC) is ambiguous and may lead to a different interpretation between eNB and UE. There are two ways considered for the UCG insertion [3]
· Option 1: A 40ms NPUSCH UL gap is inserted for every 256 ms continuous UL transmission per HARQ process. 
· Option 2: A 40ms NPUSCH UL gap is inserted for every 256 ms continuous UL transmission jointly considering 2 HARQ processes.
The purpose UL gap insertion is to allow the device to switch to DL to re-synchronize to the DL reference signals for the frequency and time calibration after a certain continuous UL transmission. 
[bookmark: OLE_LINK9]In NB-IoT Rel-13, the agreements on the NPUSCH UL gap were made [4][5]:
· For any NPUSCH transmission with duration greater than X ms, a final UL gap of duration Y is inserted at the end of the NPUSCH transmission
· For NPUSCH, X = 256 ms, and Y = 40 ms
For NPUSCH transmisson with a single HARQ process, for every 256 ms continuous UL transmission, a 40 ms UL gap should be inserted.

In this paper, we further share our view on this issue. 
Scheduling of two HARQ processes 
The original intention of introduction 2 HARQ processes is to increase the data rate for the devices in the good coverage.  These devices typically don’t need to transmit NPUSH with high level of repetitions and their UL transmissions for 2 HARQ processes will not exceed 256 ms and, hence, there will not be any need for a UL transmission gap. 
For the devices in the coverage extension mode requiring high level of repetitions for UL transmission, the scheduling gap between NPDDCH scheduling cycles can be too short to insert two contiguous HARQ processes. Table 1 lists the fields of DCI format N0. The largest scheduling delay of the HARQ #1 is limited to 64 ms. The resource allocation of HARQ #0 should follow the NRU and NPUSCH repetitions. The longest UL transmission of HARQ #0 is 48 ms (3 RUs with 16 repetitions or 6 RUs with 8 repetitions for 15 KHz subcarrier spacing and 12 subcarrier allocation) as illustrated in Figure 1. The maximum NPUSCH transmission of HARQ #0 with 48 ms limits the allocation of NRU and NPUSCH repetitions. For the extreme coverage UEs, the scheduling of 2 HARQ processes results in a restriction of a maximum of 32 repetitions for HARQ #0, which results in a maximum NPUSH transmission time of 32 ms for HARQ#0 due to the scheduling restriction in DCI format N0.  To avoid unbalance between NPUSCH detection performance on HARQ #0 and HARQ 1, a maximum number of 32 repetitions for HARQ #1 should be applied. Further details on maximum continuous transmission times with 2 HARQ processes for UE in extreme coverage are given in Section 4.
Table 1: DCI format N0 
	Field
	Bits
	Values

	DL/UL (N0/N1) Flag
	1 bit
	

	Scheduling Delay
	2 bits
	{8, 16, 32, 64} ms

	Subcarrier Allocation
	6 bits
	

	NRU
	3 bits
	{1, 2, 3, 4, 5, 6, 8, 10}

	ITBS
	4 bits
	

	New Data Indicator
	1 bit
	

	RV
	1 bit
	

	NPDCCH Repetitions
	2 bits
	

	NPUSCH Repetition
	3 bits
	{1, 2, 4, 8, 16, 32, 64, 128}

	Total 
	23 bits
	





Figure 1: the maximum NPUSCH transmission of HARQ #0 for 2 HARQ operation

Observation #1: For UEs in good coverage, the overall UL transmission of 2 HARQ processes won’t exceed 256 ms. 
Observation #2: For 2 HARQ processes, the longest UL transmission time of HARQ #0 is 48 ms due to the scheduling delay restriction for HARQ #1 in DCI format N0. 
Observation #3: For UEs in the coverage extension mode, the scheduling restriction for HARQ #1 in DCI format N0 limits the scheduling of HARQ #0. The scheduling of 2 HARQ processes limit the maximum number of repetitions to 32 for HARQ#0 and HARQ#1. 
 
UL gap for 2 HARQ processes
In NB-IoT the continuous UL transmission and the UL gap insertion should take into account the NPRACH resource collision with and without NPRACH gap, which already makes the counting of continuous UL transmission and UL gap insertion complicated.
· In Option 1 with UGC insertion per HARQ process, the 2 HARQ operation can be kept simple with no cross-checking between HARQ processes needed. Each HARQ process can operate independently. 
· In Option 2 with UGC based on 2 HARQ processes, HARQ #1 operations needs to cross-check the remaining UL transmission timer/counter after HARQ #0 transmission. This makes the HARQ operation more complicated and increase L1 scheduler implementation complexity. 
UEs in extreme coverage scheduled with UL 2 HARQ processes with overall UL transmission exceeding 256 ms without a UL gap is a corner case. As mentioned in observation #3, the scheduler restriction in DCI format N0 makes this scenario unlikely as a maximum repetition of 16 will result in poor reliability. 
We suggest to keep UL 2 HARQ operation simple with HARQ process operated independently.
 Observation #4: UEs in extreme coverage scheduled with UL 2 HARQ processes with overall UL transmission exceeding 256 ms without a UL gap is a corner case.
Proposal #1: The NPUSCH UL compensation gap is inserted per HARQ process.
The continuous UL transmission for 2 HARQ processes
Assuming the NPUSCH UL gap is inserted per HARQ process, the longest continuous UL transmission for 2 HARQ processes is analized as follows. As indicated in Figure 1, the longest UL transmission of HARQ #0 is 48 ms. UL continuous transmission of HARQ #1 cannot exceed 256 ms (if it does, a 40 ms UL gap shall be inserted). Thus, the worst case of continuous UL transmission for 2 HARQ processes is in total 304 ms, as illustrated in Figure 2. 
We further consider the scheduling of ITBS and NPUSCH repetition are the same for two contiguous UL HARQ processes to avoid unbalance in NPUSCH detection performance. The overall continuous UL transmission is 288 ms assuming 32 repetitions with 15 KHz subcarrier spacing and 12 subcarriers are allocated, indicated as Case 1 and Case 2 in Table 2. An UL continuous transmission time of 288 ms represents about 12.5% increase compare to 256 ms. This is not significant and we do not expect any impact on UL frequency error.  We can also see from the table, as addressed in Section 2, due to the scheduling restriction in HARQ #0, that most cases of the continuous UL transmissions for 2 HARQ processes won’t exceed 256 ms.
Observation 5: Option 1 with UCG inserted per HARQ process has marginal impact on total UL continuous transmission with a maximum UL continuous transmission time of 288 ms, or 12.5% increase.        


Figure 2: The worst case of continuous UL transmission considering 2 HARQ processes

Table 2: the possible scheduling for UL 2 HARQ processes with longest continuous UL transmission
	15 KHz* 12 subcarrier

	
	HARQ #0 
	HARQ #1
	

	Cases
	Nru
	NPUSCH rep
	UL tx (ms)
	Nru
	NPUSCH rep
	UL tx (ms)
	continuous UL (ms)

	Case 1
	1
	32
	32
	10
	32
	320
	288

	Case 2
	1
	32
	32
	8
	32
	256
	288

	Case 3
	2
	16
	32
	10
	16
	160
	192

	Case 4
	3
	16
	48
	10
	16
	160
	208

	Case 5
	4
	8
	32
	10
	8
	80
	112

	Case 6
	5
	8
	40
	10
	8
	80
	120

	Case 7
	6
	8
	48
	10
	8
	80
	128

	Case 8
	8
	4
	32
	10
	4
	40
	72

	Case 9
	10
	4
	40
	10
	4
	40
	80



To resolve the corner cases that the overall continuous UL transmissions for UL 2 HARQ operation exceeding 256 ms without a UL gap, the best way to do is to avoid this kind of scheduling form eNB side. For the extreme coverage UEs which needs more repetitions, the 2 HARQ scheduling in the same NPDCCH search space might not be suitable due to the limitation on the scheduling of HARQ #0. Instead, two DCIs should be schedule in different NPDCCH search space to have more scheduling flexibility. 
Proposal #2: eNB can avoid 2 HARQ scheduling if the overall UL transmission is larger than 256 ms. This is not a significant restriction as maximum UL transmission time with 2 HARQ processes is 288 ms.
Conclusion
In this paper, we further discussed the UL gap insertion for 2 HARQ processes. The following observations and proposals were made.
Observation #1: For UEs in good coverage, the overall UL transmission of 2 HARQ processes won’t exceed 256 ms. 
Observation #2: For 2 HARQ processes, the longest UL transmission time of HARQ #0 is 48 ms due to the scheduling delay restriction for HARQ #1 in DCI format N0. 
Observation #3: For UEs in the coverage extension mode, the scheduling restriction for HARQ #1 in DCI format N0 limits the scheduling of HARQ #0. The scheduling of 2 HARQ processes limit the maximum number of repetitions to 32 for HARQ#0 and HARQ#1. 
Observation #4: UEs in extreme coverage scheduled with UL 2 HARQ processes with overall UL transmission exceeding 256 ms without a UL gap is a corner case.
Proposal #1: The NPUSCH UL compensation gap is inserted per HARQ process.
Observation 5: Option 1 with UCG inserted per HARQ process has marginal impact on total UL continuous transmission with a maximum UL continuous transmission time of 288 ms, or 12.5% increase.        
Proposal #2: eNB can avoid 2 HARQ scheduling if the overall UL transmission is larger than 256 ms. This is not a significant restriction as maximum UL transmission time with 2 HARQ processes is 288 ms.
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