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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 previous meeting the following agreements were reached:
Agreement
In Rel-17, for the 14 HARQ processes feature, PUCCH repetition is not supported with HARQ-ACK bundling.
Conclusion
In Rel-17, the 14 HARQ processes feature is not supported when the multi-TB grant feature is enabled.
Agreement
In Rel-17, for the 14 HARQ process feature the HARQ-ACK delay solution will be down-selected in RAN1#105-e from:
· Alt-1: The HARQ-ACK delay is determined through an expression consisting of different subframe types (Using a similar principle as the PDSCH scheduling delay).
· FFS: The expression consisting of different subframe types.
· FFS: Signaling Details.
· Alt-2: The HARQ-ACK delay is determined following the legacy approach. That is, the “HARQ-ACK delay” is kept expressed in terms of “absolute subframes”.
· FFS: The percentage of presence of non-BL/CE DL subframes and non-BL/CE UL subframes to be handled.
· FFS: HARQ-ACK delay values and length of the HARQ-ACK delay set.
· FFS: Signaling Details.
The following aspects will be considered towards the down-selection of one of the two alternatives (i.e., Alt-1 or Alt-2) for the HARQ-ACK delay solution:
· Total number of bits required in DCI
· Scenarios that can be handled, including:
· different numbers of scheduled HARQ processes per burst (including dynamically switching between more than 10 HARQ processes and 10 or less HARQ processes)
· different % of invalid subframes for both 10 and 40 SF long bitmaps
· Robustness against loss of DCIs
· Flexibility 
· RRC signaling overhead
2 Signaling of HARQ-ACK delay
One of the main remaining issues of this work item objective is how to determine the HARQ-ACK delay. We analyze three different schemes as presented in previous meetings:

	Alt-1.1 as in (R1-2102653, Nokia, NSB).

	If y=0, 
	(11-i) BL/CE DL subframe + 1 subframe (any type) + (y+1) BL/CE UL subframes.
If y>0,
	(11-i) BL/CE DL subframe + 1 subframe (any type) + (y) BL/CE UL subframes.
Where:
 i = {0,1,2,…,11} number of HARQ processes transmitted this cycle since the last set of 3 ACKs were sent 
y = {0,1,2,3}   where 0 and 1, indicate that 1st available PUCCH is to be used,  2 indicates the 2nd available PUCCH, and 3 indicates the 3rd available PUCCH
Note, “0” also indicates to the UE, that it’s counting of the internal variable “i” should start (i.e. 0)


	Alt-1.2 as in R1-2102358, (Huawei, HiSi), Option 2.

	HARQ-ACK delay y ranges from 4  to 13 and include the following subframe type：
a. (y-z-1) BL/CE DL subframes +1 subframe + z BL/CE UL subframe, where y = 4-13, and z = 1, 2, 3.


	Alt-2:
	HARQ-ACK delay based on absolute subframes.



In the following, we analyze the three alternatives from the set of aspects agreed in the previous meeting:
· Total number of bits required in DCI
· Scenarios that can be handled, including:
· different numbers of scheduled HARQ processes per burst (including dynamically switching between more than 10 HARQ processes and 10 or less HARQ processes)
· different % of invalid subframes for both 10 and 40 SF long bitmaps
· Robustness against loss of DCIs
· Flexibility 
· RRC signaling overhead
Alt 1.1

The main advantage of this approach is the reduced overhead it requires (2 bits, less than legacy HARQ-ACK delay). This reduced overhead comes with at a clear cost of flexibility and robustness against DCI loss:
· If a DCI is missed, the counter i will be misaligned between UE and eNB. This will result in the UE transmitting the HARQ-ACK in a wrong subframe, which may lead to NACK to ACK errors.
· The only scheduling option is to schedule 12 HARQ processes per burst. This may be very inefficient if small amounts of data are required, and offers no scheduling flexibility to the eNB.
In view of the points above, and despite the reduced overhead, Alt 1.1 has very clear drawbacks and should not be supported.
Alt 1.2

Alt 1.2 is based on signaling two values, y and z, where y=4…13 (10 values) and z=1,2,3 (3 values). Assuming joint encoding of these two values, the UE would need a total of 30 combinations, which requires 5 bits. The main advantage of this method is that it allows to handle any number of invalid uplink and downlink subframes. The main drawbacks are as follows:
· There is a fixed overhead of 5 bits even for the case where all the subframes are valid (for this case, 3 bits would suffice).
· Despite the large number of bits, there are some legacy scheduling cases that cannot be handled. For instance, taking the same example as in R1-2102358, the following pattern (which is N+4) is not schedulable with the proposed method.
Table 1 Example from R1-2102358 that cannot be scheduled with Alt 1.2 but is schedulable in Rel-16
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Alt 1.3

The main advantage of Alt 1.3 is the simplicity and the flexibility it may allow depending on the number of bits used for HARQ-ACK delay field.
For the case where all subframes are valid, 3 bits are sufficient to achieve peak data rate (same as in legacy). The maximum delay that is needed is a delay of 13 subframes:


Figure 1 Scheduling delays for the case of no invalid subframes (legacy HARQ-ACK delay).

For the case where some invalid subframes are present, the HARQ-ACK delay range needs to be increased. However, for any reasonable number of invalid subframes, the same overhead as alt 1.2 will give enough flexibility to handle this case and, additionally, offer the possibility to fall back to legacy scheduling. For example, by using 5 bits, we can signal all possible HARQ-ACK delays between 4 and 35. If this value is not enough it would mean that there are more than 35-13=22 invalid subframes in a 35ms period, which is highly unlikely (this would lead to ~63% of invalid subframes, counting both uplink and downlink). 
For the case of 4 bits, we are able to signal all the HARQ-ACK delays between 4 and 19. This case is able to operate when there are less than 19-13 = 6 invalid subframes in a 20ms period (~32%).


In the following table we summarize the pros and cons of the different alternatives.

	
	Alt 1.1
	Alt 1.2
	Alt 2

	DCI overhead
	2 bits
	5 bits (30 codepoints)
	3 bits can handle the case of no/small number of invalid subframes.
4/5 bits can handle any reasonable number of invalid subframes (~32% and ~63% for 4 and 5 bits, respectively).

	Scenarios that can be handled
	Any number of invalid subframes.
Only supports 12 processes before HARQ-ACK is sent.
	Any number of invalid subframes.
Some legacy scheduling cases are not possible (cannot fallback to legacy scheduling in all cases)
	Can handle all legacy scheduling cases.
Cannot handle very large number of invalid subframes (except if the field is >5 bits)

	Robust against DCI loss
	No
	Yes
	Yes

	RRC overhead
	None
	None
	Yes (depends on details)

	Flexibility
	None
	The set of possible delays depends on valid / invalid subframes.
	Full (within the configured delay set)



In view of the points above, we propose the following:
Proposal 1: In Rel-17, for the 14 HARQ process feature the HARQ-ACK delay solution is:
· Alt-2: The HARQ-ACK delay is determined following the legacy approach. That is, the “HARQ-ACK delay” is kept expressed in terms of “absolute subframes”.


3 Other changes
In this section we describe other second-order changes needed to enable higher throughput with 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.

Proposal 2: 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.

4 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: In Rel-17, for the 14 HARQ process feature the HARQ-ACK delay solution is:
· Alt-2: The HARQ-ACK delay is determined following the legacy approach. That is, the “HARQ-ACK delay” is kept expressed in terms of “absolute subframes”.


Proposal 2: 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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