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1 Background
A new work item on additional enhancements for NB-IoT and LTE-MTC was approved in [1]. One of the objectives is to increase the eMTC effective throughput by means of the following technique:
· Support additional PDSCH scheduling delay for introduction of 14-HARQ processes in DL, for HD-FDD Cat M1 UEs. [LTE-MTC] [RAN1]

We would like to point out that this objective was already discussed during Rel-16 TEI [2,3], but was finally postponed to Rel-17. 
In RAN1#102-e and RAN1#103-e, the following was agreed:

Agreement 
Introduce a new RRC configuration parameter to enable 14 HARQ processes. 

Agreement
For a UE configured with 14 HARQ processes, a PDSCH scheduling delay of 2 BL/CE DL subframes and 7 [FFS subframes type(s)] is supported at least in the PUCCH non-repetition case:
· FFS details of signaling.
· FFS other delay values to account for the presence of non-BL/CE subframes in the PUCCH non-repetition case.
· FFS if the 14 HARQ processes feature is supported in PUCCH repetition case.

Working Assumption
· Introduce a new optional UE capability to support 14 HARQ processes.
Agreement: The following working assumption is confirmed
· Introduce a new optional UE capability to support 14 HARQ processes
Agreement
The design of the 14 HARQ processes feature accounts for the presence of non-BL/CE UL and DL subframes in the PUCCH non-repetition case.
· FFS: PDSCH scheduling delays
· FFS: HARQ-ACK delays
· FFS: Configurable/dynamic set of PDSCH delays/HARQ-ACK delays

Agreement
For the support of 14 HARQ processes, the solution to assign PDSCH scheduling delays should be able to minimize unnecessary waste of subframes derived from the presence of non-BL/CE DL subframes and non-BL/CE UL subframes.
· The following solutions will be further investigated:
· The indication of subframe types for the PDSCH scheduling delay of 7 are:
· 1 BL/CE DL subframe + 1 subframe + 3 [BL/CE UL subframes] + 1 subframe + 1 BL/CE DL subframe.
· 1 subframe + 3 [BL/CE UL subframes] + 1 subframe + 2 BL/CE DL subframes.
· Configurable delays including other values than 2 and 7.
· Other solutions are not precluded.

Agreement
For the support of 14 HARQ processes, the solution to assign HARQ-ACK delays should aim to maximize the number of HARQ processes that can be scheduled in presence of non-BL/CE DL subframes and non-BL/CE UL subframes.
· Different percentages of presence of non-BL/CE subframes can be analyzed as to represent typical scenarios and determine which HARQ-ACK delays should be included.



2 Details of delay indication
In the following we present two different approaches to indicate the scheduling delay for PDSCH: the first approach makes use of unused HARQ process IDs to indicate the scheduling delay (with reduced flexibility), while the second one relies on an additional DCI bit (or field) to indicate a scheduling delay for PDSCH.
Implementation option 1: No additional bits in DCI
To minimize the necessary changes to enable the above features, a first implementation option is as follows:
· For HARQ processes 0-9, the operation is the same as legacy, i.e., when the DCI indicates a HARQ process ID smaller than 10, no change to PDSCH scheduling delay or HARQ-ACK delay is made.
· When the DCI indicates a HARQ process with an ID greater than or equal to 10, the ‘HARQ ID’ field and ‘HARQ-ACK delay’ field indicate the PDSCH scheduling delay. We exploit the fact that the HARQ-ID field in DCI can indicate maximum 16 HARQ IDs but we only need to use 14 of them to achieve peak data rate as per the proposal above.
· HARQ processes 10-13 have reduced flexibility in terms of HARQ-ACK delay (6 possibilities for HARQ-ACK delay instead of 8). For the cases where retransmissions may be needed for the new HARQ ID, we allow a fallback to legacy default scheduling (N+2) and can still use 6 different scheduling delays.

In Table 1 we show a possible implementation of these methods. The UE, in summary, performs the following operations:
 If HARQ_ID < 10
		Follow legacy procedures to determine HARQ_ID, HARQ-ACK delay. PDSCH delay = 2
Else
	Obtain HARQ_ID and PDSCH delay from ‘HARQ-ACK delay’ field in DCI as per Table 1.
	Obtain HARQ-ACK delay from ‘HARQ-ID’ field in DCI as per Table 2.
	
Table 1 Reinterpretation of ‘HARQ-ACK delay’ field in DCI
	'HARQ-ACK delay' field in DCI
	Used HARQ ID
	Scheduling delay for PDSCH

	000
	10
	2

	001
	10
	7

	010
	11
	2

	011
	11
	7

	100
	12
	2

	101
	12
	7

	110
	13
	2

	111
	13
	7




Table 2 Reinterpretation of ‘HARQ-ID’ field in DCI
	'HARQ-ID’ field in DCI
	HARQ-ACK delay

	10
	4

	11
	5

	12
	7

	13
	9

	14
	11

	15
	13



With these values, a timeline like the one in Figure 4 can be constructed, achieving the desired peak data rate. Note that HARQ processes 0-9 cannot be scheduled with a PDSCH scheduling delay, but HARQ processes 12-13 are scheduled with a delay of 7 (e.g. PDSCH in subframe 0 would be scheduled by MPDCCH in subframe -7).

Figure 4 Example of timeline with proposed scheme. 

Implementation option 2: Additional bits in DCI
With this second option, the changes are simpler with the cost adding additional DCI bits. We present an example of 1 additional bit in DCI:
· When 14 HARQ processes are configured, there is an additional bit in DCI that indicates a PDSCH scheduling delay. This PDSCH scheduling delay can be fixed between {2,7}, or configurable among a larger set of values.

· The set of HARQ-ACK delays could be modified when 14 HARQ processes are used as added in the last column of Table 3. Note that this change is not strictly necessary, since the eNB can use “range1” with an alternative pattern (as shown in Figure 5) to achieve the same peak throughput. However, introducing a new pattern gives additional flexibility to the eNB, since with bundling operation the eNB is not going to use delay values of 17 (even 15 is useless and could be removed)

Table 3 Different ranges for HARQ-ACK delay
	'HARQ-ACK delay' field in DCI
	HARQ-ACK delay value when 'ce-SchedulingEnhancement' set to 'range1'
	HARQ-ACK delay value when 'ce-SchedulingEnhancement' set to 'range2', or 'ce-SchedulingEnhancement' is not configured and ’ce-HARQ-AckBundling’ is set
	HARQ-ACK delay value when ce-pdsch-fourteenProcesses’ is set

	000
	4
	4
	4

	001
	5
	5
	5

	010
	7
	6
	6

	011
	9
	7
	7

	100
	11
	8
	9

	101
	13
	9
	11

	110
	15
	10
	13

	111
	17
	11
	15






Figure 5 Example of timeline without changes to HARQ-ACK delay (using ‘range1’ in Table 3)

Given the discussion in the previous meetings, and also in line with the description in Section 3, we think it would be more flexible to support a configurable set of delays for PDSCH, which are indicated in DCI – this allows to manage invalid subframes, measurement gaps, PUCCH repetitions, etc.
Proposal 1: For the indication of PDSCH scheduling delay, a DCI field indicates the PDSCH scheduling delay of a number of absolute subframes among N possible values, which are RRC configured.
· FFS whether the PDSCH scheduling delay is jointly encoded with the HARQ-ACK delay in the same DCI field.

Proposal 2: For UEs configured with 14 HARQ processes, RAN1 to discuss whether to introduce new values of HARQ-ACK delays, or whether the values in Table 7.3.1-2 in TS 36.213 are sufficient.






3 Support of invalid subframes and PUCCH repetition

Invalid uplink subframes and PUCCH repetition
During the previous meetings, it was argued that, if some uplink subframes are invalid, then the scheduling delay of 7 would not work, since one of the PUCCH would be postponed. However, we would like to note the following Rel-13 agreement:
RAN1#82bis agreement on valid uplink subframes:
· The set of subframes to be used for uplink transmissions can be explicitly and cell-specifically signalled by the eNB by MTC-SIBx
· If the signaling is not provided, a UE can assume all uplink subframes are valid. 
· A UE will postpone transmitting PUSCH/PUCCH repetition (when R > 1) to the next available UL subframe in invalid UL subframe indicated by MTC-SIBx.
· In case of PUSCH/PUCCH with R = 1, a UL grant or PDSCH transmission overrides the MTC-SIBx configuration, thus a UE will transmit PUSCH/PUCCH
· A UE can drop transmitting PUSCH/PUCCH in subframes unavailable due to UE-specific configuration or behavior such as a measurement gap
· The subframe unavailable due to UE-specific configuration or behavior is counted in the repetition  


which is captured in TS 36.213 as follows:


-	0≤k0<k1<…,kN-1 and the value of and  is provided by higher layer parameter pucch-NumRepetitionCE-format1, if configured, otherwise it is provided by higher layer parameter pucch-NumRepetitionCE-Msg4-Level0-r13, pucch-NumRepetitionCE-Msg4-Level1-r13, pucch-NumRepetitionCE-Msg4-Level2-r13 or pucch-NumRepetitionCE-Msg4-Level3-r13 depending on whether the most recent PRACH coverage enhancement level for the UE is 0, 1, 2 or 3, respectively; and
	if N>1
-	subframe(s) n+ki with i=0,1,…,N-1 are N consecutive BL/CE UL subframe(s) immediately after subframe n-1, and the set of BL/CE UL subframes are configured by higher layers;
	otherwise
-	k0 =0

Thus, assuming that only single PUCCH repetition is supported, the invalid subframes will not create a postponement of PUCCH.
Observation 1: For the case of single PUCCH repetition, non-BL/CE UL subframes do not create postponement.
For the case of PUCCH repetition, the uplink and downlink delays would need to be adjusted to account for the postponement (and e.g. avoid overlap in PUCCH).



Invalid downlink subframes
Current specification TS 36.213 is as follows:
-	subframe(s) n+ki with i=0,1,…,N-1 are N consecutive BL/CE DL subframe(s) where, x=k0<k1<…,kN-1 and the value of [image: ] is determined by the repetition number field in the corresponding DCI, where [image: ]are given in Table 7.1.11-1, Table 7.1.11-2 and Table 7.1.11-3, respectively and subframe n+x is the second BL/CE DL subframe after subframe n. 


Thus, current scheduling delay is “two BL/CE DL subframes after the end of the MPDCCH”. We assume that the In the following, we analyze the impact of an invalid downlink subframe in different locations, taking as baseline the following Figure (all subframes are valid)


Figure 1 Baseline: all subframes are BL/CE DL subframes

If the invalid subframes are in the middle of the burst (e.g. subframes 0-9), everything would work as expected, with just the corresponding throughput loss of 1 subframe. Since the “N+2” is measured in terms of valid subframes, no change is needed


Figure 2: Subframe 4 is invalid. No change is needed for efficient operation.
If the invalid subframe is at the end of the burst (subframes 10 or 11), we would have the issue that the MPDCCH in subframe 9 would schedule a PDSCH in subframe 12. If we want to support this case, we either have to schedule with “N+7 BL/CE DL subframe” (Alt.1) or move everything to the right by 1 absolute subframe (Alt.2)



Figure 3: Alt.1 For solving an invalid subframe in the “tail” of the burst. Subframe 9 schedules subframe 17 (N+7, with 7 BL/CE DL subframes)



Figure 4: Alt.2 for solving an invalid subframe in the “tail” of the burst. The burst is increased by 1 absolute subframe, which requires the HARQ-ACK delay to be modified.

Yet another case is when subframes in which the UE is transmitting PUCCH are non-BL/CE DL subframes. In that case, if the timeline is N+7 “absolute” subframes, no issue would arise. If the timeline is N+7 “BL/CE DL subframes”, there will be an unnecessary delay of 1ms.
In RAN1#103-e, the following agreement was made:
Agreement
For the support of 14 HARQ processes, the solution to assign PDSCH scheduling delays should be able to minimize unnecessary waste of subframes derived from the presence of non-BL/CE DL subframes and non-BL/CE UL subframes.
· The following solutions will be further investigated:
· The indication of subframe types for the PDSCH scheduling delay of 7 are:
· 1 BL/CE DL subframe + 1 subframe + 3 [BL/CE UL subframes] + 1 subframe + 1 BL/CE DL subframe.
· 1 subframe + 3 [BL/CE UL subframes] + 1 subframe + 2 BL/CE DL subframes.
· Configurable delays including other values than 2 and 7.
· Other solutions are not precluded.

Agreement
For the support of 14 HARQ processes, the solution to assign HARQ-ACK delays should aim to maximize the number of HARQ processes that can be scheduled in presence of non-BL/CE DL subframes and non-BL/CE UL subframes.
· Different percentages of presence of non-BL/CE subframes can be analyzed as to represent typical scenarios and determine which HARQ-ACK delays should be included.



Essentially, there are two main proposals for handling invalid UL/DL subframes:
· Option 1: Indicating the “subframe types” as a complicated mix of BL/CE subframes (UL / DL / absolute). This has the advantage of requiring potentially a smaller number of DCI bits, but has the following issues:
· It will work in a limited set of cases, e.g., if measurement gaps are present, the solution may not be optimized.
· Limited scheduling flexibility (if the eNB wants to delay one subframe one of the PDSCH/PUCCHs, it may be difficult to do so).
· RAN1 needs to agree explicitly on the set of scenarios to support (e.g. PUCCH repetition).

· Option 2: Configurable delays (both PDSCH and HARQ-ACK). This method has the advantage of increased flexibility at the eNB side, and potentially handling some unforeseen collisions (e.g. PUCCH repetitions, scheduling flexibility, measurement gaps). The only disadvantage is (potentially) a larger DCI size. However, UEs operating in the regime of 14 HARQ processes should be in relatively good SNR conditions and, therefore, a few more bits in the DCI should not be a limiting factor.
Observation 2: Configurable delays (for PDSCH scheduling delay and HARQ-ACK delay) allow for increased flexibility in scheduling at the eNB side, and in dealing with a larger set of situations (e.g. measurement gaps, PUCCH repetition) without explicit handling in the specification.
In view of the above (and given the time for this objective), it can be seen that supporting PUCCH repetition and invalid UL/DL subframes would be feasible and would essentially require to adjust in a configurable way the set of PDSCH and HARQ-ACK delays. Thus, we make the following proposal:

Proposal 3: Both PDSCH and HARQ-ACK delay are explicitly indicated in DCI as “absolute subframes” among a set of RRC configured values.
· FFS whether they are jointly encoded or separately encoded.
· FFS number of DCI bits (or, equivalently, number of RRC-configured values)


4 Other changes
In this section we describe other second-order changes needed to enable higher throughput with 14 HARQ processes. This section is based on the TPs in [3].
· When 14 HARQ processes are enabled, the “HARQ process number” field in DCI format 6-1A is 4 bits.
· The PDSCH scheduling delay applies only to PDSCH scheduled from USS. If a new bit is introduced in DCI for indicating PDSCH scheduling delay, it is only present in DCI 6-1A mapped to USS.
· The maximum number of received PDSCH receptions pending HARQ-ACK is set to W = 12 in Sect. 7.3.1 of TS 36.213 when the UE is configured with 14 HARQ processes.
· A UE configured with 14 HARQ processes is also configured with HARQ-ACK bundling.

Proposal 4: Introduce the following specification changes for supporting 14 HARQ processes:
· When 14 HARQ processes are enabled, the “HARQ process number” field in DCI format 6-1A is 4 bits.
· The PDSCH scheduling delay applies only to PDSCH scheduled from USS. If a new bit is introduced in DCI for indicating PDSCH scheduling delay, it is only present in DCI 6-1A mapped to USS.
· The maximum number of received PDSCH receptions pending HARQ-ACK is set to W = 12 (in Sect. 7.3.1 of TS 36.213) when the UE is configured with 14 HARQ processes.
· A UE configured with 14 HARQ processes is also configured with HARQ-ACK bundling.

5 Conclusions
In this contribution we presented our views on the necessary changes to enable increased throughput with 14 HARQ processes and PDSCH scheduling delay. We made the following proposals:

Proposal 1: For the indication of PDSCH scheduling delay, a DCI field indicates the PDSCH scheduling delay of a number of absolute subframes among N possible values, which are RRC configured.
· FFS whether the PDSCH scheduling delay is jointly encoded with the HARQ-ACK delay in the same DCI field.

Proposal 2: For UEs configured with 14 HARQ processes, RAN1 to discuss whether to introduce new values of HARQ-ACK delays, or whether the values in Table 7.3.1-2 in TS 36.213 are sufficient.

Observation 1: For the case of single PUCCH repetition, non-BL/CE UL subframes do not create postponement.

Observation 2: Configurable delays (for PDSCH scheduling delay and HARQ-ACK delay) allow for increased flexibility in scheduling at the eNB side, and in dealing with a larger set of situations (e.g. measurement gaps, PUCCH repetition) without explicit handling in the specification.

Proposal 3: Both PDSCH and HARQ-ACK delay are explicitly indicated in DCI as “absolute subframes” among a set of RRC configured values.
· FFS whether they are jointly encoded or separately encoded.
· FFS number of DCI bits (or, equivalently, number of RRC-configured values)

Proposal 4: Introduce the following specification changes for supporting 14 HARQ processes:
· When 14 HARQ processes are enabled, the “HARQ process number” field in DCI format 6-1A is 4 bits.
· The PDSCH scheduling delay applies only to PDSCH scheduled from USS. If a new bit is introduced in DCI for indicating PDSCH scheduling delay, it is only present in DCI 6-1A mapped to USS.
· The maximum number of received PDSCH receptions pending HARQ-ACK is set to W = 12 (in Sect. 7.3.1 of TS 36.213) when the UE is configured with 14 HARQ processes.
· A UE configured with 14 HARQ processes is also configured with HARQ-ACK bundling.
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