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1. Introduction
[bookmark: _Hlk525462591]The set of the Rel-17 WI enhancements for NB-IoT and LTE MTC [1], includes an objective to specify the changes necessary to support 14-HARQ processes in the DL for LTE MTC.

· [bookmark: _Hlk30097793]Support additional PDSCH scheduling delay for introduction of 14-HARQ processes in DL, for HD-FDD Cat M1 UEs. [LTE-MTC] [RAN1] 

The agreements made at previous meetings relating to this objective are listed in Appendix A.

In this contribution, we discuss the support of 14_HARQ processes in the DL for HD-FDD Cat M1 UEs and provide our views on the:

· The DCI bit fields used to support Alt-1 and Alt-2e
· What range of HARQ delay to use with Alt-2e?
· Whether the 14 HARQ processes feature can be enabled for PDSCH repetition case?
· Handling of dynamic changes between the HARQ-ACK delay alternatives applied
· Exploiting additional bits of the corresponding UL DCI to improve performance

2. Discussion
[bookmark: _Hlk78797847]2.1   The DCI bit field size and definition used to support Alt-1 and Alt-2e

In this subsection we provide our views regarding:

· The number of bits required to support the agreed alternatives
· The DCI field mappings required to support these alternatives


Agreement
In Rel-17, for the 14 HARQ process feature the HARQ-ACK delay solution will be supported with multiple solutions: Alt-1 for full flexibility and Alt-2e for support of legacy delay
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).
· Without using more than 6 bits
· FFS: How to minimize the overhead by using joint encoding
Alt-2e: The HARQ-ACK delay is determined following the legacy approach. That is, the “HARQ-ACK delay” is kept expressed in terms of “absolute subframes”.
· The HARQ-ACK delay values and the length of the HARQ-ACK delay set will be based on
· Alt-2e: “3 bits (same as legacy)”
· FFS: Whether HARQ delay set is to use range1 or range2
RRC signaling will be used to configure between Alt-1 and Alt-2e
FFS: Signaling details
FFS: Joint encoding

Working Assumption
The PDSCH scheduling delay and HARQ-ACK delay are jointly encoded in a single DCI field:
· The field uses no more than 7 bits if Alt-1 is configured. 
· The field is 5 bits if Alt-2e is configured.
· FFS: Details of the joint encoding.
· FFS: Legacy DCI fields that might be re-purposed for the jointly encoded solution of Alt-1 and Alt-2e respectively.
Note: Alt-1 expresses the HARQ-ACK delay as: (y) BL/CE DL subframe + 1 subframe + (z) BL/CE UL subframes, where y = {0, 1, 2, … 11} and z = {1, 2, 3}.






Number of bits required to support Alt.1
In the agreement from meeting RAN1#105-e, it is agreed that for 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).
· Without using more than 6 bits
· FFS: How to minimize the overhead by using joint encoding

 There is also a working assumption, stating that 
The PDSCH scheduling delay and HARQ-ACK delay are jointly encoded in a single DCI field:
· The field uses no more than 7 bits if Alt-1 is configured. 

The figure of 6 bits in the first agreement is derived as follows.  The expression for Alt-1,  is:

the HARQ-ACK delay = (y) BL/CE DL subframe + 1 subframe + (z) BL/CE UL subframes, 
where y = {0, 1, 2, … 11} and z = {1, 2, 3}.

To signal to the UE the parameter y and z as standalone parameters via the DCI, would require 4 bits for y and 2 bits for z, hence the 6 bits in the first agreement.  However, there is also the need to transmit the PDSCH delay, which signals 1 of 2 values, 2 or 7.   Together, if these parameters are signaled separately, then 7 bits would be required:
· 4 bits for y {0, 1, 2, … 11}
· 2 bits for z {1, 2, 3}.
· 2 bit for the PDSCH delay {2,7, 7’}, the versions of 7 represent the 2 alternative definitions of 7 as agreed at RAN1#104-e

Observation 1:   	For Alt.1, 8 bits are required to signal the PDSCH scheduling and HARQ-ACK delay parameters without joint encoding.
With joint encoding, given that there are only 12x3x3=108 states to index, a 7 bit index is suffice to signal these delays.
Observation 2:   	For Alt.1, 7 bits are required to signal the PDSCH scheduling and HARQ-ACK delay parameters with joint encoding.
Many rules can be constructed to reduce the number of states.  One example of a rule, is whenever y={0,1,2,3}, z is restricted to {1}, i.e. the first four PDSCHs always use the 1st ACK bundle  Such a rule would eliminate 24 states, which is significantly less than the 44 states required to reduce the joint encoding index size. Additional rules could be constructed to eliminate further states, but each additional state eliminated reduces scheduler flexibility further.  Given that if the DCI size is considered a major issue, that we have Alt. 2e, we prefer to retain the option of full scheduler flexibility with Alt.1 and therefore support the reservation of 7 DCI bits for joint encoding these delays.

Observation 3:   	Reducing the number of bits required to jointly encode the PDSCH and HARQ-ACK delays from 7 to 6, will severely reduce network scheduler flexibility.

Proposal 1:   	When Alt-1 is configured, the full set of permutations of the PDSCH scheduling delay and HARQ-ACK delay are jointly encoded using a 7-bit long DCI field.

One of the FFSs from the last meeting concerns the joint encoding of a DCI field indicating the PDSCH scheduling delay and HARQ-ACK delay.  Table 1 below illustrates one method to construct a joint encoded index for the delays.  Key points to observe, are:

· that there are many equally valid ways to construct a 7-bit long codeword index
· there are 20 unused states

	PDSCH and HARQ-ACK delay codeword index  
	PDSCH Delay
{2, 7, 7’}
	HARQ-ACK Delay “y”
{0,1,2,3,4, …, 11} 
	HARQ-ACK Delay “z”
{1,2,3}

	0
	2
	0
	1

	1
	2
	0
	2

	[bookmark: _Hlk78784669]2
	2
	0
	3

	3
	2
	1
	1

	4
	2
	1
	2

	5
	2
	1
	3

	6
	2
	2
	1

	7
	2
	2
	2

	8
	2
	2
	3

	9
	2
	3
	1

	10
	2
	3
	2

	11
	2
	3
	3

	12
	2
	4
	1

	13
	2
	4
	2

	14
	2
	4
	3

	15
	2
	5
	1

	16
	2
	5
	2

	17
	2
	5
	3

	18
	2
	6
	1

	19
	2
	6
	2

	20
	2
	6
	3

	21
	2
	7
	1

	22
	2
	7
	2

	23
	2
	7
	3

	24
	2
	8
	1

	25-98
	…

	99
	7’
	11
	1

	100
	7’
	11
	2

	101
	7’
	11
	3

	102
	7’
	10
	1

	103
	7’
	10
	2

	104
	7’
	10
	3

	105
	7’
	11
	1

	106
	7’
	11
	2

	107
	7’
	11
	3

	108-127
	Reserved States


Table 1:   Example of joint encoded index to signal PDSCH and HARQ-ACK delays for Alt. 1

Proposal 2:   	For Alt.1, Table 1 is used as a basis to define the new jointly encoded codeword index used to signal the PDSCH and HARQ-ACK delays. 
[bookmark: _Hlk30535668]
Number of bits required to support Alt.2e
For Alt.2e, it has already been agreed to retain the 3-bit sized field to indicate the delay.  However, there is still a decision to be made as to which delay set to use, i.e. range 1 or range 2 as per Table 2 below.

	'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-HARQ-AckBundling’ is set

	000
	4
	4

	001
	5
	5

	010
	7
	6

	011
	9
	7

	100
	11
	8

	101
	13
	9

	110
	15
	10

	111
	17
	11


TABLE 2:      TS36.213 Table 7.3.1-2: HARQ-ACK delay for BL/CE UE in CEModeA

When there are no invalid subframes, Figure 1, shows the simplest set of PDSCHPUCCH delays required to achieve the peak data rate from 14-HARQ processes using Alternative 2e.  
[image: ]
Figure 1:  PDSCH to PUCCH delay in ideal scenario

Below are some observations about this set of “ideal” delays:
Observation 4:    	With no invalid subframes, to achieve the maximum peak data rate from using the 14-HARQ process feature, the smallest set of conventionally defined HARQ-ACK delays required is {13,11,9,7,6,5,4}.

Observation 5:     Neither of the existing “ranges”, “range1” or “range2”, can yield the peak rate achievable from 14-HARQ in ideal conditions.
Given the above observations above, we support the creation of a new “range3” to support Alt. 2e. “Range3” is based on the delays illustrated in Figure 1 and also reflected one in one of the original proposals [3].
 Proposal 3:   	When Alt.2e is configured, the set of HARQ-ACK delay values is {4,5,6,7,9,11,13,15}.

2.2   The DCI bit field size and definition used to support Alt-1 and Alt-2e

In this section we provide our view of how the DCI should be modified to support the new 14-HARQ process transmission schemes.
The existing DCI fields that could be repurposed for supporting the 14-HARQ process scheme are listed below:

· 1 bit    HARQ-ACK bundling flag
· To achieve the maximum data rates with 14-HARQ, this must be used and therefore can be fixed and repurposed.
· [bookmark: _Hlk78800592]3 bits   HARQ-ACK delay
· As per our proposal 2, potentially only 2 bits are required.
· 4 bits   HARQ process number
· Given up to 14 processes, a minimum of 4 bits is required without any joint encoding.

Given the reasons below, it is proposed that the 1 DCI bit reserved for the HARQ-ACK bundling flag can be repurposed:

1. To obtain the maximum data rates from the 14-HARQ Process scheme, that HARQ-ACK bundling must be enabled
2. If HARQ-ACK bundling is NOT enabled with 14-HARQ, then the legacy 10-HARQ scheme with ACK-bundling can achieve higher data rates

Proposal 4:            The 14-HARQ process scheme (Alt. 1 or 2e) is always configured with HARQ-ACK bundling.

Proposal 5:	When the 14-HARQ process scheme (Alt. 1 or 2e) is configured, then the 1 DCI bit reserved for the HARQ-ACK bundling flag is repurposed.

The 4-bit HARQ process number DCI field can be used unchanged for both alternatives, as there is no benefit to the overall DCI size by attempting to extend the joint encoding to include this field.

Proposal 6:             The “HARQ process number” 4 bit long DCI field is maintained for both alternatives but with a definition extended to support 14 HARQ processes.

Observation 6:       Alternative 2E is expected to increase the existing DCI size by up to 2 bits.

Observation 7:       Alternative 1 is expected to increase the existing DCI size by up to 4 bits.

Table 3 summarises the expected impacts on the overall DCI size by the changes required to support Alternatives 2e and 1.
	
	Existing DCI
	Alt. 2e DCI changes
	Alt. 1 DCI changes

	HARQ-ACK delay
	3
	3
	7

	[bookmark: _Hlk78802100]New PDSCH Delay
	0
	2
	

	DCI increase if HARQ bundling flag CANNOT be repurposed
	reference
	+2 
	+4

	DCI increase if HARQ bundling flag CAN be repurposed
	reference
	+1
	+3


TABLE 3:   Expected DCI size impacts due to Alternatives 1 and 2e

3. Conclusion
In this contribution, we have discussed the support of 14_HARQ processes in the DL for HD-FDD Cat M1 UEs, and from those discussions we have the following observations and proposals:

Observation 1:   	For Alt.1, 8 bits are required to signal the PDSCH scheduling and HARQ-ACK delay parameters without joint encoding.
Observation 2:   	For Alt.1, 7 bits are required to signal the PDSCH scheduling and HARQ-ACK delay parameters with joint encoding.
Observation 3:   	Reducing the number of bits required to jointly encode the PDSCH and HARQ-ACK delays from 7 to 6, will severely reduce network scheduler flexibility.
Observation 4:    	With no invalid subframes, to achieve the maximum peak data rate from using the 14-HARQ process feature, the smallest set of conventionally defined HARQ-ACK delays required is {13,11,9,7,6,5,4}.
[bookmark: _Hlk78808369]Observation 5:     	Neither of the existing “ranges”, “range1” or “range2”, can yield the peak rate achievable from 14-HARQ in ideal conditions.
Observation 6:       	Alternative 2E is expected to increase the existing DCI size by up to 2 bits.

Observation 7:       	Alternative 1 is expected to increase the existing DCI size by up to 4 bits.

Proposal 1:   	When Alt-1 is configured, the full set of permutations of the PDSCH scheduling delay and HARQ-ACK delay are jointly encoded using a 7-bit long DCI field.

Proposal 2:   	For Alt.1, Table 1 is used as a basis to define the new jointly encoded codeword index used to signal the PDSCH and HARQ-ACK delays. 

Proposal 3:   	When Alt.2e is configured, the set of HARQ-ACK delay values is {4,5,6,7,9,11,13,15}.

Proposal 4:            	The 14-HARQ process scheme (Alt. 1 or 2e) is always configured with HARQ-ACK bundling.

Proposal 5:	When the 14-HARQ process scheme (Alt. 1 or 2e) is configured, then the 1 DCI bit reserved for the HARQ-ACK bundling flag is repurposed.

Proposal 6:             	The “HARQ process number” 4 bit long DCI field is maintained for both alternatives but with a definition extended to support 14 HARQ processes.
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5.     Appendix A:   List of previous RAN1 agreements
RAN1 Meeting #102-e:
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


RAN1 Meeting #103-e:
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

For future meetings:
Companies to further study on the impact of measurement gaps on the 14 HARQ processes feature.

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.


RAN1 Meeting #104-e:
Agreement
The PDSCH scheduling delay for the PUCCH non-repetition case (i.e., PUCCH repetitions = 1):
· 2 BL/CE DL subframes.
· The PDSCH scheduling delay of 7 is expressed as: 
· 1 BL/CE DL subframe + 1 subframe + [3 subframes] + 1 subframe + 1 BL/CE DL subframe.
· 1 subframe + [3 subframes] + 1 subframe + 2 BL/CE DL subframes.

Agreement
For the 14 HARQ processes feature, when PUCCH is used with 1 repetition and there is presence of non-BL/CE UL subframes (i.e., invalid UL subframes):
· The term surrounded by brackets in Solution 1 is resolved as 3 BL/CE UL subframes.


RAN1 Meeting #104-bis-e:
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:

1. Total number of bits required in DCI
1. Scenarios that can be handled, including:
(a) different numbers of scheduled HARQ processes per burst (including dynamically switching between more than 10 HARQ processes and 10 or less HARQ processes)
(b) different % of invalid subframes for both 10 and 40 SF long bitmaps
1. Robustness against loss of DCIs
1. Flexibility 
1. RRC signaling overhead

RAN1 Meeting #105-e: 
Agreement
In Rel-17, for the 14 HARQ process feature the HARQ-ACK delay solution will be supported with multiple solutions: Alt-1 for full flexibility and Alt-2e for support of legacy delay
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).
· Without using more than 6 bits
· FFS: How to minimize the overhead by using joint encoding
Alt-2e: The HARQ-ACK delay is determined following the legacy approach. That is, the “HARQ-ACK delay” is kept expressed in terms of “absolute subframes”.
· The HARQ-ACK delay values and the length of the HARQ-ACK delay set will be based on
· Alt-2e: “3 bits (same as legacy)”
· FFS: Whether HARQ delay set is to use range1 or range2
RRC signaling will be used to configure between Alt-1 and Alt-2e
FFS: Signaling details
FFS: Joint encoding

Working Assumption
The PDSCH scheduling delay and HARQ-ACK delay are jointly encoded in a single DCI field:
· The field uses no more than 7 bits if Alt-1 is configured. 
· The field is 5 bits if Alt-2e is configured.
· FFS: Details of the joint encoding.
· FFS: Legacy DCI fields that might be re-purposed for the jointly encoded solution of Alt-1 and Alt-2e respectively.
Note: Alt-1 expresses the HARQ-ACK delay as: (y) BL/CE DL subframe + 1 subframe + (z) BL/CE UL subframes, where y = {0, 1, 2, … 11} and z = {1, 2, 3}.



Conclusion:
In Rel-17, for the 14 HARQ processes feature:
When the HARQ-ACK delay is configured to use Alt-1 “PUCCH using Repetition = 1 is postponed”, whereas when the HARQ-ACK delay is configured to use Alt-2e “PUCCH using Repetition = 1 is not postponed (legacy behavior)”.

Agreement
In Rel-17, the 14 HARQ processes feature is applicable for HD-FDD Cat M1 UEs in CE Mode A only.

For discussion in future meetings:
Whether 14 HARQ processes feature can be enabled for PDSCH repetition case
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