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1. Introduction
Within the Rel-17 WI for additional enhancements for NB-IoT and LTE MTC [1], there is one objective to specify the changes necessary to support 14-HARQ processes in the DL for LTE MTC.

·  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.
From the most recent RAN1#104-e meeting, there are now clear agreements (see Appendix A) on the range and characteristics of MPDCCH-to-PDSCH delays that need to be supported.
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 following:
· The HARQ-ACK delays required
· The signaling required to support the 14-HARQ process scheme
2.     Discussion

2.1   HARQ-ACK delays to support the 14-HARQ process

In this section we provide:

· A brief review of the existing HARQ-ACK delays applied for the 10-HARQ process transmission scheme
· Options for how to support the HARQ-ACK delays for the 14-HARQ process transmission scheme

· State our preferred option for the indication of the HARQ-ACK delay
Overview of existing 10-HARQ process HARQ-ACK delay

With the current 10-HARQ process, MPDCCH to PDSCH scheduling is fixed to a 2 subframe gap, but the HARQ process number and corresponding HARQ-ACK delay can be configured dynamically from the DCI using the fields and table described below: 


- 
HARQ process number – 3 bits (for cases with FDD primary cell), 4 bits (for cases with TDD primary cell, or

for cases with FDD primary cell when ce-pdsch-tenProcesses-config is configured by higher layers and the DCI

is mapped onto the UE-specific search space given by the C-RNTI as defined in [TS36.213]). This field is not   present when the format 6-1A CRC is scrambled with G-RNTI.

· HARQ-ACK delay – 3 bits as defined in 7.3 of [TS36.213, Table 7.3.1-2 – copied below]. This field is only present when the higher layer parameter ceschedulingEnhancement-config or ce-HarqAckBundling-config is configured and the DCI is mapped onto the UE-specific search space given by the C-RNTI as defined in [TS36.213].

	'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

	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 1: HARQ-ACK delay for BL/CE UE in CEModeA
HARQ-ACK delay needed to support the 14-HARQ-process
From table 1 above, the HARQ-ACK delays defined for the 10-HARQ process are {4,5,6,7,8,9,10,11}.  From figure 1 below, given no invalid subframes, the optimum set of delays expressed as subframes (i.e. no special differentiation between UL/DL/valid/invalid) to support the peak data rate that the 14-HARQ process can yield, is {13,11,9,7,6,5,4}.
Figure 1:    Optimal HARQ-ACK delay set for 14-HARQ Process scheme
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Observation 1:    
With no invalid subframes, to achieve the maximum peak data rate from using 14-HARQ processes a new set of HARQ-ACK delays is required {13,11,9,7,6,5,4}.
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Figure 2:  Different HARQ-ACK delay sets for 14-HARQ Process scheme with invalid subframes

With Figure 2, we illustrate the impact of a 40 SF long invalid bitmap and list the delay values that could be sent by 3 alternative options (described in detail later).

If we are to maximize the data rate in the presence of invalid subframes in a similar way to how we attempted to optimize the MPDCCH-to-PDSCH delay of 7, then several options exist for defining the HARQ-ACK delay.  Some of these options are now discussed.

Option 1:
Reserving 6 bits in the DCI for the HARQ-ACK delay 
6 bits, compared to the current 3 bits, would cover the worst case 40 subframe long invalid bitmap, but would lengthen the DCI to the point where performance would be compromised.
Option 2:
Configuring a customized set of HARQ-ACK delays during setup 

Given that the invalid subframe bitmap can be 40 subframes long and the ideal 14-HARQ process maximum data rate cycle is 34 subframes, the range of delays required for optimum performance over many successive 40 subframe periods (i.e. until the HARQ-process have the same start point relative to the invalid subframe bitmap), will still be very significant, at least 4 bits.
If one looks at figure 1 (row Option1/2), it can be seen that even within the 40 subframe invalid bitmap, that 2 sets of delays ({16,15,14,13} and {13,11,9,7,6,5,4} are needed for the 2 sets of 12 contiguously transmitted HARQ processes transmitted during that period.  It can be then deduced, that given the change in the relative starting point of the HARQ process transmissions to the next 40 invalid subframe bitmap, that more delay values are required.  Therefore, depending on the invalid bitmap, this method of sending customised delay ranges, may only save 1 or 2 bits compared to Option 1.
Option 3:
Defining the sequence of subframe types that the HARQ-ACK delays apply.

This option attempts to extend the principal applied to the MPDCCH-PDSCH 7 delay, captured in the RAN1#104-e agreements below, to the HARQ-ACK delays.


[image: image1]

If the UE:

· Knows the invalid subframe bitmap

· Assumes that 12 HARQ processes are always sent before 3 bundled ACKs are sent, 

· Counts how many HARQ processes have been sent since the last set of ACKs were completed.
· Allows for a 1 subframe (any type) transition between UL and DL

The UE can REUSE the same delays, {13,11,9,7,6,5,4}, as used in the ideal no-invalid subframe scenario, for any invalid subframe to determine the next available subframes for PUCCH transmissions.
Observation 2:    
With invalid subframes present, the UE can resuse the same delay set, {13,11,9,7,6,5,4} requiring 3 DCI bits, to achieve the maximum peak data rate from the 14-HARQ processes scheme, if the UE knows the sequence of sub-frame types that the specific HARQ-ACK delay apply to.

Observation 3:    
UEs can implicitly determine sequence of sub-frame types that a specific HARQ-ACK delay apply to, if they:

· Knows the invalid subframe bitmap

· Assumes that 12 HARQ processes are always sent before 3 bundled ACKs are sent, 

· Counts how many HARQ processes have been sent since the last set of ACKs were completed.

· Allows for a 1 subframe (any type) transition between UL and DL

Option 4:
Signaling only the PUCCH relative to the start of a 12-HARQ process transmission

This is a variant of option 3, where only 2 DCI bits are required to indicate which of the next 3 PUCCHes (i.e. either the 1st, 2nd or 3rd) to forward an acknowledgement for a given HARQ process.  

Of the options above, we prefer option 4 as this would minimize the number of DCI bits required and the additional RRC signaling costs.  
Proposal 1:        The HARQ-ACK PUCCH used to forward the ACKNOWLEDGEMENT for a given HARQ process, for the PUCCH non-repetition case (i.e., PUCCH repetitions = 1), is determined by the UE using implicit knowledge of where the PUCCHes should appear and 2 bit DCI indication, y.
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)

2.2   Signalling the new PDSCH and HARQ-ACK delays 

In this section we provide our view of:

· The DCI fields that could be repurposed for the 14-HARQ process transmission scheme
When 14 HARQ processes are configured, new joint encoding of existing DCI fields (see below) is used to support an expanded set of HARQ-ACK delays for all 14 of the HARQ processes.
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.

· 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 that to obtain the maximum data rates from the 14-HARQ Process scheme, that HARQ-ACK bundling must be enabled, the 1 DCI bit reserved for the HARQ-ACK bundling flag can be repurposed, hence proposal 2 below.

Proposal 2:    The 14-HARQ process scheme is always configured with HARQ-ACK bundling.
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.

Unlike the 10-HARQ process scheme and per the RAN1#104-e agreement, there are now 3 possible values for the MPDCCH to PDSCH delay, 
· 2 BL/CE DL subframes.

· The PDSCH scheduling delay of 7 is expressed as: 

· SEQUENCE 1:   1 BL/CE DL subframe + 1 subframe + 3 BL/CE UL subframes + 1 subframe + 1 BL/CE DL subframe.
· SEQUENCE 2:   1 subframe + 3 BL/CE UL subframes + 1 subframe + 2 BL/CE DL subframes.
 To achieve the maximum data rate, the first process with delay 7, is always sent with sequence 1, and the second process with delay 7, is always sent with sequence 2, therefore which sequence is used does not need to be explicitly indicated in the DCI.
Proposal 3:     The UE implicitly determines which subframe type sequence to apply with the MPDCCH-to-PDSCH value of 7.

Proposal 4:       1 DCI bit is used to indicate the MPDCCH to PDSCH delay, 2 or 7.
If Proposals 1 and 3 are agreeable, then the DCI fields required to support the 14-HARQ process
· 1 bit    MPDCCH to PDSCH delay of either 2 or 7

· The UE implicitly determines the sequence of subframes that the delay of 7 applies to.

· 2 bits   HARQ-ACK delay
· The UE implicitly determines the SF position of the PUCCH as per proposal 1.

· 4 bits   HARQ process number
Given the proposals 1,2,3 and 4, there should be no need to increase the DCI size or develop joint encoding techniques, to support the 14-HARQ process scheme.
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:    
With no invalid subframes, to achieve the maximum peak data rate from using 14-HARQ processes a new set of HARQ-ACK delays is required {13,11,9,7,6,5,4}.
Observation 2:    
With invalid subframes present, the UE can resuse the same delay set, {13,11,9,7,6,5,4} requiring 3 DCI bits, to achieve the maximum peak data rate from the 14-HARQ processes scheme, if the UE knows the sequence of sub-frame types that the specific HARQ-ACK delay apply to.

Observation 3:    
UEs can implicitly determine sequence of sub-frame types that a specific HARQ-ACK delay apply to, if they:

· Knows the invalid subframe bitmap

· Assumes that 12 HARQ processes are always sent before 3 bundled ACKs are sent, 

· Counts how many HARQ processes have been sent since the last set of ACKs were completed.

· Allows for a 1 subframe (any type) transition between UL and DL

Proposal 1:        The HARQ-ACK PUCCH used to forward the ACKNOWLEDGEMENT for a given HARQ process, for the PUCCH non-repetition case (i.e., PUCCH repetitions = 1), is determined by the UE using implicit knowledge of where the PUCCHes should appear and a 2 bit DCI indication, y.

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)

Proposal 2:     The 14-HARQ process scheme is always configured with HARQ-ACK bundling.
Proposal 3:     The UE implicitly determines which subframe type sequence to apply with the MPDCCH-to-PDSCH value of 7.
Proposal 4:      1 DCI bit is used to indicate the MPDCCH to PDSCH delay, 2 or 7.
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RAN1 Meeting #103-e the following agreements were made:


[image: image3]
RAN1 Meeting #104-e, the following agreements were made:


[image: image4]
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.








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





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.





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.











