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1. Introduction
So far, the agreements related to HARQ-ACK bundling for HD-FDD define the maximum soft-buffer size (same as Rel-13), the maximum number of DL transmissions (up to 10), and the maximum number of transport blocks that can be bundled together (no more than 4). 
The missing aspects of HARQ-ACK design are: 
· how to derive the HARQ-ACK timing; 
· how to adapt to the repetition case; and 
· DCI signaling details.
In this contribution we complete our view on this feature based on previous contributions [1][2]. We discuss separately the repetition case and the no repetition case. 
2. HARQ-Bundling when R=1 (no repetitions)
In our view, the timing relationship between each DL transport block and its corresponding HARQ feedback should be defined per each transport block (TB) independently and regardless of its position to the other TBs in the same transmission. This is safe in the sense that even if UE miss-detects any DL grant (and therefore will surely miss-detect the TB), it will still have the correct HARQ timing for the other TBs that it did detect. Further advantages are that there is no limitation at all on the total amount of TBs that can be sent in a single transmission nor on whether they are sent consecutively or not. In the rest of this section we describe two methods which both achieve this flexibility, in different ways. 
Proposal#1: when Rel-14 FeMTC UE is configured with HARQ-ACK bundling, MPDCCH schedules a single PDSCH TB same as Rel-13
The concept is rather simple: DL grant is sent in subframe #N-2, indicating a single DL transport block in subframe #N, and the corresponding HARQ feedback should be sent in UL subframe #N+k where k is known to the UE after reading the content of the DL grant for that PDSCH TB. If more than one HARQ feedback is scheduled for the same UL subframe, the UE sends ‘AND’ operation across these HARQ-ACKs. 
Deriving the HARQ-ACK delay 
For Rel-13 HD-FDD UE the value of k fulfills kmin = 4 which limits the UE from continue monitoring for additional DL transport blocks before re-tuning back to UL. Therefore to allow HARQ-ACK bundling it means that additional values other than 4 are anyway need to be defined. In the extreme case of 10 DL HARQ processes which are sent consecutively (this case will provide the best peak-rate), the timing relationship offset would be in the range 11 ≤ kmax ≤ 13. See Figure 1 for example where kmax equals to 11 (kmax equals to 13 means that transport block D10 will be sent in subframe#15 instead of subframe#13).
Observation: with HARQ-ACK bundling, the values of k that achieve maximum throughput range from 4 to 13.    
[image: ]
[bookmark: _Ref473464920]Figure 1 – bundling with 10 PDSCH TBs. ‘D1’corresponds to process #1 (or to TB index #1) and so on. 
However, as discussed during RAN1#87, there is no need to support all the values of k in the range kmin ≤ k ≤ kmax and actually it is enough to define a set K of only 4 values which fits perfectly for transmission with any given number of PDSCH TBs - 

With this set of values, it is possible to reach the optimal peak-rate for any given number of transport blocks and where the number of bundles does not exceed 3, as per RAN1 agreement. In the Appendix we suggest a mapping between value of k and transport block index, for transmissions with different number of transport blocks. Still, the benefit of this method is that there is no real restriction in following this mapping other than achieving optimal peak-rate, and other mapping could be used by eNB as well. Figure 1 describes the HARQ delay for each PDSCH TB when taken from this set. 
Observation: For HARQ-ACK delay, only 4 values are required for any number of PDSCH TBs    
The RAN1#87 agreement also says that 
· When HARQ-ACK bundling is RRC configured, non-bundled transmission is still possible, where the repetition numbers of the different channels are used in the same way as in Rel-13 eMTC. 


This means that there is no need for RRC re-configuration to enable a non-bundled transmission. With the concept described so far, to support this kind of fallback is straightforward without any additional DCI bit. By sending PDSCH TBs with assigned delay of k = 4, the same scheme of Rel-13 is achieved. If 3 consecutives transport blocks with k = 4 delay value are sent, also the Rel-13 peak-rate is achieved. But also other delay values could be used as long as they do not point to the same UL subframe.  
Now remains a question how to indicate what is the HARQ timing relationship for each transport block in the transmission? From the following RAN1#87 agreement, we examine the two options 
 · The switch time between DL and UL is FFS between:
· Indicated in the DCI
· Implicitly based on the specification

Option A (implicit based on the spec):  HARQ-ACK delay is based on HARQ process number 
With this option, for a PDSCH transmitted in subframe #N with HARQ process #, the corresponding HARQ feedback is sent in subframe #N+k(i) where k(i) is a delay value associated with HARQ process #and fixed in the specification. In terms of signaling, it requires 0 bits in the DCI. To implement this we propose adding to 36.213 a table in the following form - 
[bookmark: _Ref473788655]Table 1 - uplink HARQ-ACK timing association k with FDD HARQ-ACK bundling
	Higher layer parameter
 ‘maxHARQ-Rx’
	
DL HARQ process number 

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	8
	4
	4
	4
	7
	7
	7
	9
	9
	-
	-

	10
	4
	4
	4
	7
	7
	7
	9
	9
	11
	11



To achieve maximum throughput, here it means to schedule the HARQ processes ordered such that all will fit in no more than 3 UL subframes. This is illustrated in Figure 1 where the HARQ processes are scheduled in a descending order from #10 to #1. This is just one example (one could easily replace #9 with #10, or exchange between #4,#5,#6 and so on).  
To support fallback to non-bundled transmission, here it simply means to schedule HARQ process numbers and ordered such that the corresponding HARQ feedbacks do not collide into a same UL subframe. For example,if eNB wants to use the legacy HARQ delays of k=4 it can use HARQ process numbers #0,#1,#2 then transmission for sure will not be bundled..  Again here, there are many other options for the ordering.  
Option B (indicated in the DCI) – HARQ delay is based on explicit delay value field
Another option is to signal the HARQ-ACK delay value k directly in the DL grant of the corresponding PDSCH. To support the set of 4 values described above it requires only 2 bits. There is no major advantage here compared to option A, just perhaps to provide another level of dynamic control. For this new ‘HARQ-ACK delay’ field, we could use a mapping based on Table 2 
[bookmark: _Ref473789808]Table 2 – HARQ-ACK delay values
	HARQ-ACK delay field 
	k

	‘00’
	4

	‘01’
	7

	‘10’
	9

	‘11’
	11



One thing that may seem a bit strange with both options A and option B, is that the transport block indexes (or process numbers) which compose a bundled HARQ-ACK do not follow the natural order of their transmission, but are in an “interlaced” manner. See for example Figure 1 where transport blocks of same color belong to the same HARQ-ACK. Then the first HARQ-ACK in subframe #13 corresponds to HARQ process #3, #6, #8 and #10 instead of #10,#9,#8,#7. But there is no practical meaning for this logical ordering.  
Proposal#2: For HARQ-ACK bundling, each TB is indicated separately with a HARQ-delay k from the set {4,7,9,11} either  – 
· Implicitly based on HARQ process number
· Explicitly based on 2-bit field in the DCI 
Indication of bundle-size 
In cases where UE miss-detects a DL grant (hence miss-detect the PDSCH TB), UE may send ‘ACK’ instead of ‘NACK’ if it received correctly the other PDSCH TBs that are bundled into the same HARQ-ACK. This is not most efficient, as the missing packet will only be recovered at RLC layer.  
The simple solution is to indicate to UE the bundle size (in terms of number of TB) associated with each HARQ-ACK. Such an indication can be provided per each TB as part of the DL assignment.  Since RAN1 agreed that size of a bundle is not larger than 4, it means that only 4 values {1TB, 2TB, 3TB, 4TB} are needed to indicate this information, which can then be carried by field of 2 bits. If UE understands that for a given UL subframe it should feedback on N TBs but it detected instead less than N, it will send ‘NACK’.
To avoid adding these 2 bits to the DCI, we propose to re-use the PDSCH repetition number field in the DCI (also 2-bit field) for this purpose. This is feasible because in the case of repetitions, RAN1 agreement is that HARQ-ACK feedback is not bundled. We can add a 1 bit flag instead to the DCI that says how to interpret the repetition number field.  If HARQ-ACK bundling is not configured to the UE, this flag can be ignored or removed from the DCI. Table 3 describes this functionality. Further details on DCI design are given in [3].
[bookmark: _Ref473541935]Table 3 – indication of bundle size with re-using repetition number field
	Repetition number field
	HARQ-ACK bundled flag
	PDSCH repetitions
	Bundle group size

	‘00’
	TRUE
	1
	1 TB

	‘01’
	TRUE
	1
	2 TB

	‘10’
	TRUE
	1
	3 TB

	‘11’
	TRUE
	1
	4 TB

	‘00’
	FALSE
	 According to RAN1 specification
	1 TB

	‘01’
	FALSE
	
	1 TB 

	‘10’
	FALSE
	
	1 TB

	‘11’
	FALSE
	
	1 TB



Proposal#3: Indication of bundle size – 
· is with 2 bits, by re-using repetition number field 
· a 1 bit flag is included in the DCI to indicate when the field should be re-used
3. HARQ-ACK Bundling when R>1 (PDSCH repetitions)
In RAN1#87, it was discussed how to handle the repetition case and the following FFS was noted - 
· At least in non-repetition case, the maximum number of HARQ-ACK bundles before switching to UL is 3.
· FFS whether repetition case is supported


As described in [1], with PDSCH repetitions the data-rate is also very limited due to the fixed HARQ delay of k = 4. This limits the number of PDSCH TBs that can be sent to the UE before switching to UL. This is shown in Figure 2 for R = 2 repetitions where only 2 PDSCH TB can be sent and the max data-rate is only 182kbps. 
[image: ]
[bookmark: _Ref473463285]Figure 2 – Rel-13 with fixed HARQ delay and R=2 repetitions
When R > 2, it is even worse as only 1 PDSCH TB can be sent before switching to UL, and the data rate goes even lower. To improve this situation, we would need to adjust the HARQ-ACK delay (exactly same concept as for HARQ-ACK bundling). One natural way of doing so is to simply adopt the same mechanism described in Section 2 also for the repetition case – that is, upon detection of PDSCH TB, UE adjusts the HARQ-ACK delay as provided (based on implicit/explicit) and will transmit HARQ-ACK accordingly. 
It was agreed in RAN1#87 that HARQ-ACK is not bundled in the repetition case. However with the solution we propose this is easily avoided. Because whether a HARQ-ACK is bundled or not is really up to the eNB – depends how it schedules the transport blocks and which delay it assigns to each TB. So nothing needs to be specified here, and it can be left for implementation. 
[image: ]
[bookmark: _Ref473799825]Figure 3 - Rel-14 with adjusted HARQ delay and R=2 repetitions
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[bookmark: _Ref473799832]Figure 4 - Rel-14 with adjusted HARQ delay and R=4 repetitions
Figure 3 and Figure 4 illustrate the repetition case based on the proposed solutions in section 2, where each PDSCH TB is assigned with a HARQ delay from a set {4,7,9,11}. Notice that HARQ-ACK are not bundled. In Figure 3 for example, this allows us to send 4 PDSCH instead of 2 PDSCH when R=2 repetitions is used. Table 4  describes the achievable data-rates and gain (in %) compared to Rel-13, for given number of repetitions. For example, when R = 2, with adjusted delay we can send also 3 or 4 PDSCH before re-tuning to uplink and then the data-rate is improved by +21% or +46%, respectively. 
[bookmark: _Ref473800088]Table 4 – achievable peak rates (kbps) for R>1 PDSCH repetitions
	
	Rel-13
	Rel-14

	#Repetitions
	 1 PDSCH
	2 PDSCH
	1 PDSCH
	2 PDSCH
	3 PDSCH 
	4 PDSCH

	2
	111
	182
	111
	182  
	230 (+27%)
	250 (+38%)

	4
	91
	 
	91
	133 (+46%)
	 150 (+65%)
	 

	8
	67
	 
	67
	87 (+30%)
	 
	 



[bookmark: _GoBack]Proposal#4: when HARQ-ACK bundling is configured and number of PDSCH repetitions is not larger than 8, HARQ-ACK timing is determined in the same way as with no repetitions 

Handling MPDCCH and PUCCH repetition cases
As described in [1], since the ACK delay is with respect to the PDSCH transmission (or end of PDSCH transmission), it is not relevant for this to operate whether MPDCCH is sent with or without repetition. In other words, whether MPDCCH is sent with/without repetitions has no impact on the functionality described so far. 
When PUCCH is configured with repetitions, depending on the ACK delay there may be collision between different PUCCH corresponding to different group-bundles. In our view this could easily be avoided at the eNB side, with using the flexible dynamic delay scheme proposed in this contribution. If still collision takes place between two PUCCH transmissions, it can be up to the UE to drop the later one for example.  
Observation#3: with MPDCCH and PUCCH repetitions, HARQ-ACK bundling functionality can remain the same. Collision handling can be left to implementation 
Conclusions 
In this contribution, we described our view on HARQ-ACK bundling mechanism. For the non-repetition case, we proposed 2 methods – option A (requiring +1 DCI bits) and option B (requiring +3 DCI bits).  
For the repetition case, we proposed to adopt the modified HARQ timing so that more than 1 or 2 TBs can be sent when repetitions are configured. 
To summarize our proposal - 
Proposal#1: when Rel-14 FeMTC UE is configured with HARQ-ACK bundling, MPDCCH schedules a single PDSCH TB same as Rel-13
Proposal#2: For HARQ-ACK bundling, each TB is indicated separately with a HARQ-delay k from the set {4,7,9,11} either  – 
· Implicitly based on HARQ process number
· Explicitly based on 2-bit field in the DCI 
Proposal#3: Indication of bundle size – 
· is with 2 bits, by re-using repetition number field 
· a 1 bit flag is included in the DCI to indicate when the field should be re-used
Proposal#4: when HARQ-ACK bundling is configured and number of PDSCH is not larger than 8, HARQ-ACK timing is determined in the same way as with no repetitions 
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Appendix
	
	Delay value for each HARQ process# or Transport block index
	TB index or process number in each bundle
	Peak rate
[kbps]

	Total# of TB
	#1
	#2
	#3
	#4
	#5
	#6
	#7
	#8
	#9
	#10
	
	

	1
	4
	
	
	
	
	
	
	
	
	
	 {1}
	125

	2
	4
	4
	
	
	
	
	
	
	
	
	 {2}, {1}
	222

	3
	4
	4
	4
	
	
	
	
	
	
	
	{3}, {2}, {1}
	300

	4
	4
	4
	4
	7
	
	
	
	
	
	
	{3}, {2}, {1,4}
	363

	5
	4
	4
	4
	7
	7
	 
	
	
	
	
	{3}, {2,5}, {1,4}
	416

	6
	4
	4
	4
	7
	7
	7
	
	
	
	
	{3,6}, {2,5}, {1,4}
	461

	7
	4
	4
	4
	7
	7
	7
	9
	
	
	
	{3,6}, {2,5,7}, {1,4}
	500

	8
	4
	4
	4
	7
	7
	7
	9
	9
	
	
	{3,6,8}, {2,5,7}, {1,4}
	533

	9
	4
	4
	4
	7
	7
	7
	9
	9
	11
	
	{3,6,8}, {2,5,7,9}, {1,4}
	562

	10
	4
	4
	4
	7
	7
	7
	9
	9
	11
	11
	{3,6,8,10}, {2,5,7,9}, {1,4}
	588



image3.wmf
HARQ_ID

n


oleObject1.bin

image4.emf
SF#   0 1 2 3 4 5 6 7 8 9 10

MPDCCH M1  M2

PDSCH

  Delay k   4   4

↕       ↕

ULHARQ-ACK 1 2

DL

D1 D2


image5.emf
SF# 0 1 2 3 4 5 6 7 8 9 101112131415

DL MPDCCH M1 M2 M3 M4

PDSCH

Delay k 11 7 4 4

UL ↕ ↕

HARQ-ACK 3 2 4 1

D4 D1 D2 D3


image6.emf
SF# 0 1 2 3 4 5 6 7 8 9 10111213141516171819

DL MPDCCH M1 M2 M3

PDSCH  

Delay k 11 9 4

UL ↕ ↕

HARQ-ACK 1 3 2

D1 D2 D3


image2.emf
SF# 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

DLMPDCCH M10M9M8M7M6M5M4M3M2M1

PDSCH D10D9 D8 D7 D6 D5 D4 D3 D2 D1  

Delay k 11 11 9 9 7 7 7 4 4 4 ↕ ↕

UL   3 2 1

HARQ-ACK 6 5 4

8 7

10 9


