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1	Introduction
In the Work Item (WI) on “Additional enhancements for NB-IoT and LTE-MTC” [1], one of the objectives is to specify the following enhancement for LTE-MTC:
	· [bookmark: _Hlk31052369][bookmark: _Hlk31108863]Support additional PDSCH scheduling delay for introduction of 14-HARQ processes in DL, for HD-FDD Cat M1 UEs. [LTE-MTC] [RAN1]



In this contribution we provide our view on the “Support of additional PDSCH scheduling delay for the introduction of 14-HARQ processes in DL, for HD-FDD Cat M1 UEs”. It is worth to mention that this proposal was discussed in the form of a TEI during Rel-16 [2], and even in RAN# 86 [3]. 
[bookmark: _Ref178064866][bookmark: _Hlk528365764]2	Support of 14 HARQ processes in DL
2.1	Number of HARQ processes
The WID’s objective for LTE-MTC targets HD-FDD Cat M1 UEs, which peak data rate can be achieved through the combined usage of 10 HARQ processes and HARQ-ACK bundling as depicted in Table 1.
Table 1: Combined usage of 10 HARQ processes and HARQ-ACK bundling for a Cat M1 HD-FDD UE.
	Subframe #
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28

	MPDCCH
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	
	
	
	
	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	

	PDSCH
	
	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	
	
	
	
	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	PUCCH     (ACK)
	
	
	
	
	
	
	
	
	
	
	
	
	
	0
	1
	2
	
	
	
	
	
	
	
	
	
	
	
	
	



Note: The blue and green arrows illustrate examples of the “Scheduling delay for PDSCH” (encompassing 2 subframes) and “HARQ-ACK delay” (encompassing 11 subframes) respectively.
[bookmark: _Hlk31206982]The Rel-17 enhancement for LTE-MTC aims at increasing the peak data rate through the “Support of additional PDSCH scheduling delay for introduction of 14-HARQ processes in DL, for HD-FDD Cat M1 UEs”, which has shown in Table 2 is intended to be done by using the framework depicted in Table 1.

[bookmark: _Hlk31206894]Table 2: Combined usage of 14 HARQ processes and HARQ-ACK bundling for a Cat M1 HD-FDD UE.
	Subframe #
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28

	MPDCCH
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	
	
	
	
	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	12
	13

	PDSCH    7
	12
	13
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	
	
	
	10
	11
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	PUCCH     (ACK)
	
	
	
	
	
	
	
13
	
	
	
	
	
	
	0
	1
	2
	
	
	
	
	
	
	
	
	
	
	
	
	



Note: The blue and green arrows illustrate examples of the “Scheduling delay for PDSCH” (encompassing 7 subframes) and “HARQ-ACK delay” (encompassing 13 subframes) respectively.
In relation to the introduction of 14 HARQ processes in DL, the following has been mentioned in [1]: “Assuming a TBS of 1000 bits is transmitted in each of the PDSCH, the peak data rate achieved by this scheduling is (10 ×1000)/17=588kbps. In this contribution, we propose to increase the peak data rate to (12 ×1000)/17=706kbps (20% increase) by allowing data scheduling in subframes 0 and 1”.
[bookmark: _Hlk31205523]Although the increase in peak data rate is estimated using 12 HARQ processes, there are 14 HARQ processes in total. As can be seen in Table 2, the reason for having 14 HARQ processes (numbered from 0 to 13) is that the HARQ processes 10 and 11 (tied to MPDCCH 10 and 11) need to wait for the ACK bundling that follows the upcoming set of MPDCCHs ending with HARQ processes 12 and 13 (tied to MPDCCH 12 and 13).
[bookmark: _Toc46409439]Although the increase in peak data rate is estimated using 12 HARQ processes, there are 14 HARQ processes in total.
[bookmark: _Toc46409440]The reason for having 14 HARQ processes is that the HARQ processes 10 and 11 need to wait for the ACK bundling that follows the set of MPDCCHs ending with HARQ processes 12 and 13.
From Table 2 it can be seen that the introduction of 14 HARQ processes in DL would require adding new values for both the “Scheduling delay for PDSCH” and “HARQ-ACK delay”.
· Scheduling delay for PDSCH: In legacy when there are 10-HARQ processes, the “Scheduling delay for PDSCH” uses a value of 2. That is, the PDSCH starts on the second subframe after the end of the MPDDCH used to schedule the corresponding DL data. On the other hand, when there are 14 HARQ processes the “Scheduling delay for PDSCH” requires a value equal to 7 (See blue arrow in Table 2) in addition to the legacy value that is equal to 2.

· HARQ-ACK delay: As mentioned in section 2.1, the HARQ-ACK bundling will be part of the framework towards the support of 14 HARQ processes in DL for HD-FDD Cat M1 UEs. When HARQ-ACK bundling is used, up to 4 TBS can be multiplexed per PUCCH meaning that the 14 HARQ processes in DL can be supported by using 3 PUCCHs (Recall that only 12 out of 14 HARQ processes contribute to the increased peak rate). In [1], the 8 selected values for the HARQ-ACK delay set have been proposed to be 4, 5, 6, 7, 9, 11, 13 and 15 (i.e., the last two values in the proposed set would be new).
The above has been foreseen as what would be required to support “14 HARQ processes in DL using HARQ-ACK bundling for a Cat M1 HD-FDD UE”. Nonetheless, for the feature to be used in diverse realistic scenarios (e.g., in presence of invalid subframes and measurement gaps), additional design targets (on which we elaborate in section 2.2) need to be accounted for.
2.2	Design Targets to support 14 HARQ processes in DL
In realistic network deployments the presence of invalid BL/CE DL subframes (i.e., non-BL/CE DL subframes), invalid BL/CE UL subframes (i.e., non-BL/CE UL subframes), and measurement gaps is no uncommon, therefore in our view the support of “14 HARQ processes in DL using HARQ-ACK bundling for a Cat M1 HD-FDD UE” should account for them.
2.2.1	Presence of invalid BL/CE DL subframes
The invalid BL/CE DL subframes are determined by bitmaps, e.g., the subframePattern10-r13 bitmap indicates the periodic presence of invalid and valid DL subframes repeated over 10 ms. In Table 3 using the downlink bitmap 1110011110, the presence of invalid BL/CE DL subframes (see highlighted yellow marks) was illustrated, which depending on how the accumulated delays are counted will impact both the “Scheduling delay for PDSCH” and “HARQ-ACK delay”. 
Table 3: 14 HARQ processes using HARQ-ACK bundling for a Cat M1 HD-FDD UE in presence of invalid BL/CE DL subframes.
	Invalid subframe
	1
	1
	1
	0
	0
	1
	1
	1
	1
	0
	1
	1
	1
	0
	0
	1
	1
	1
	1
	0
	1
	1

	subframe No
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21

	MPDCCH
	0
	1
	2
	 
	 
	3
	4
	5
	6
	 
	7
	8
	9
	 
	 
	10
	11
	 
	 
	 
	 
	 

	PDSCH
	 
	 
	0
	 
	 
	1
	2
	3
	4
	 
	5
	6
	7
	 
	 
	8
	9
	 
	 
	 
	 
	 

	ACK/NACK
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	0
	1
	2
	 



The time progression of Table 3 continues below:
	Invalid subframe
	1
	0
	0
	1
	1
	1
	1
	0
	1
	1
	1
	0
	0
	1
	1
	1
	1
	0
	1
	1

	subframe No
	22
	23
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35
	36
	37
	38
	39
	40
	41

	MPDCCH
	0
	 
	 
	1
	2
	3
	4
	 
	5
	6
	7
	 
	 
	8
	9
	12
	13
	 
	 
	 

	PDSCH
	10
	 
	 
	11
	0
	1
	2
	 
	3
	4
	5
	 
	 
	6
	7
	8
	9
	 
	 
	 

	ACK/NACK
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	0
	1



	Invalid subframe
	1
	0
	0
	1
	1

	subframe No
	42
	43
	44
	45
	46

	MPDCCH
	
	 
	 
	0
	1

	PDSCH
	
	 
	 
	12
	13

	ACK/NACK
	
	
	
	
	



2.2.2	Presence of invalid BL/CE UL subframes
Analogously to downlink, the invalid BL/CE UL subframes are determined through the fdd-UplinkSubframeBitmapBR bitmap indicating the periodic presence of the invalid and valid UL subframes repeated over 10 ms. 
In addition to the presence of DL invalid BL/CE DL subframes, Table 4 uses the UL bitmap 1011111110 to illustrate the presence of invalid BL/CE UL subframes (see highlighted green marks), which depending on how the accumulated delays are counted, will further impact both the “Scheduling delay for PDSCH” and “HARQ-ACK delay”. 
Table 4: 14 HARQ processes using HARQ-ACK bundling for a Cat M1 HD-FDD UE in presence of invalid BL/CE DL subframes and invalid BL/CE UL subframes.
	Invalid UL subframe denoted by “0”
	1
	0
	1
	1
	1
	1
	1
	1
	1
	0
	1
	0
	1
	1
	1
	1
	1
	1
	1

	Invalid DL subframe denoted by “0”
	1
	1
	1
	0
	0
	1
	1
	1
	1
	0
	1
	1
	1
	0
	0
	1
	1
	1
	1

	subframe No
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18

	MPDCCH
	0
	1
	2
	 
	 
	3
	4
	5
	6
	 
	7
	8
	9
	 
	 
	10
	11
	 
	 

	PDSCH
	 
	 
	0
	 
	 
	1
	2
	3
	4
	 
	5
	6
	7
	 
	 
	8
	9
	 
	 

	ACK/NACK
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	0



The time progression of the Table 4 continues below:
	Invalid UL subframe denoted by “0”
	0
	1
	0
	1
	1
	1
	1
	1
	1
	1
	0

	Invalid DL subframe denoted by “0”
	0
	1
	1
	1
	0
	0
	1
	1
	1
	1
	0

	subframe No
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	29

	MPDCCH
	 
	 
	 
	 
	 
	 
	0
	1
	2
	3
	 

	PDSCH
	 
	 
	 
	 
	 
	 
	10
	11
	0
	1
	 

	ACK/NACK
	 
	1
	 
	2
	 
	 
	 
	 
	 
	 
	 



2.2.3	Presence of Measurement Gaps
In addition of accounting for the presence of invalid BL/CE DL subframes, and invalid BL/CE UL subframes, there are Measurement Gaps (MG) that may end up causing further delays. 
The measurement gap duration and its periodicity are defined through the variable Measurement Gap Length (MGL) and the Measurement Gap Repetition Period (MGRP) as defined in TS 36.133 [4]. When MG fully or partially overlaps BL/CE DL subframes or BL/CE UL subframes, there won’t be DL transmissions on the subframes encompassing the MGL nor UL transmissions on the same MGL + 1 subframe either. The +1 subframe is because it is assumed that Cat-M1 UEs cannot transmit anything in UL in the subframe after the measurement gap.
Moreover, the UE may be configured with a measurement gap pattern for Reference Signal Time Difference (RSTD) measurements, which measurement gap length can be 10 ms, 14 ms, 24 ms, 32 ms, 54 ms, 64ms, and 80ms as specified in Table 8.1.2.1-3 [4].
In addition to the presence of DL invalid BL/CE DL subframes, and invalid BL/CE UL subframes, Table 5 illustrates the presence of MG when it is assumed that there are 6 subframes with no DL transmissions and the same 6 subframes +1 with no UL transmissions either.
Table 5: 14 HARQ processes using HARQ-ACK bundling for a Cat M1 HD-FDD UE in presence of invalid BL/CE DL subframes, invalid BL/CE UL subframes, and measurement gaps.
	 MGL
 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Invalid UL subframe denoted by “0”
	1
	0
	1
	1
	1
	1
	1
	1
	1
	0
	1
	0
	1
	1
	1
	1

	Invalid DL subframe denoted by “0”
	1
	1
	1
	0
	0
	1
	1
	1
	1
	0
	1
	1
	1
	0
	0
	1

	subframe No
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15

	MPDCCH
	0
	1
	2
	 
	 
	3
	4
	5
	6
	 
	7
	8
	9
	 
	 
	10

	PDSCH
	 
	 
	0
	 
	 
	1
	2
	3
	4
	 
	5
	6
	7
	 
	 
	8

	ACK/NACK
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 



The time progression of the Table 5 continues below:
	 MGL
 
	MGL+1 subframes with no UL transmission
	 
	 
	 
	 
	 
	 
	 
	 

	
	Measurement Gap
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Invalid UL subframe denoted by “0”
	1
	1
	1
	0
	1
	0
	1
	1
	1
	1
	1
	1
	1
	0
	1

	Invalid DL subframe denoted by “0”
	1
	1
	1
	0
	1
	1
	1
	0
	0
	1
	1
	1
	1
	0
	1

	subframe No
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	30

	MPDCCH
	 
	 
	 
	 
	 
	 
	11
	 
	 
	 
	 
	 
	0
	 
	1

	PDSCH
	 
	 
	 
	 
	 
	 
	9
	 
	 
	 
	 
	 
	10
	 
	11

	ACK/NACK
	 
	 
	 
	 
	 
	 
	 
	 
	0
	1
	2
	 
	 
	 
	 



Based on the descriptions in section 2.2, the following observation and proposal are made:
[bookmark: _Toc46409441]In realistic network deployments the presence of invalid subframes (i.e., non-BL/CE DL subframes and non-BL/CE UL subframes), and measurement gaps is not uncommon, therefore the design to support the “14 HARQ processes in DL using HARQ-ACK bundling for a Cat M1 HD-FDD UE” should account for them.
[bookmark: _Toc46409444]The design to support “14 HARQ processes in DL using HARQ-ACK bundling for a Cat M1 HD-FDD UE” includes the possibility of operating in presence of invalid subframes (i.e., non-BL/CE DL subframes and non-BL/CE UL subframes), and measurement gaps.
4	Conclusion
In the previous sections we made the following observations towards the “Support of additional PDSCH scheduling delay for the introduction of 14-HARQ processes in DL, for HD-FDD Cat M1 UEs”:

Observation 1	Although the increase in peak data rate is estimated using 12 HARQ processes, there are 14 HARQ processes in total.
Observation 2	The reason for having 14 HARQ processes is that the HARQ processes 10 and 11 need to wait for the ACK bundling that follows the set of MPDCCHs ending with HARQ processes 12 and 13.
Observation 3	In realistic network deployments the presence of invalid subframes (i.e., non-BL/CE DL subframes and non-BL/CE UL subframes), and measurement gaps is not uncommon, therefore the design to support the “14 HARQ processes in DL using HARQ-ACK bundling for a Cat M1 HD-FDD UE” should account for them.
 
Based on the discussion in the previous sections we propose the following:
Proposal 1	The design to support “14 HARQ processes in DL using HARQ-ACK bundling for a Cat M1 HD-FDD UE” includes the possibility of operating in presence of invalid subframes (i.e., non-BL/CE DL subframes and non-BL/CE UL subframes), and measurement gaps.
[bookmark: _In-sequence_SDU_delivery]
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