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1. Introduction
 A Rel-13 Cat-M1 UE can operate under FDD spectrum in a half-duplex mode (HD-FDD) which is attractive in terms of cost and power consumption and expected to be a popular choice for deployment. It is though quite limited with its DL/UL data-rate and may not be found suitable for some MTC applications. 
The factors that limit the data rates for a half-duplex Cat-M1 are - 
· Half-duplex operation, i.e. inability to transmit and receive simultaneously
· Fixed-timing relationship between PDSCH to HARQ-ACK feedback 
· Cross-subframe scheduling 
· DL-UL and UL-DL retuning gaps (guard-subframes) 
 
The major limiting factor is fixed PDSCH-ACK timing relationship which enforces the UE to re-tune quickly back to UL after receiving no more than 3 consecutive DL subframes. With removing this restriction and allowing multiple DL subframes to send a bundled ACK, the number of DL subframes in each scheduling cycle is increased and consequently also the data-rate.  
Nevertheless, these factors are all eventually related and in this contribution we present improved schemes that overcome these limitations, leading to much higher data-rates for HD-FDD than supported in Rel-13. 
2. Schemes with a single bundle-group
2.1. Conventional scheme
A natural approach is to bundle together HARQ-ACKs feedback which corresponds to a block of consecutives DL subframes (“bundle-group”) to a single one. As this bundle-group gets larger, the portion of DL subframes in each scheduling cycle increases (less overhead of DL-UL switches) and the peak data-rate is increased accordingly. This is shown in Figure 1.
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[bookmark: _Ref462671552]Figure 1
On the other hand, as the bundle size gets larger the probability of a TTI within a bundle-group being corrupted is increased. With 1-bit feedback it will result in a re-transmission of the whole bundle-group. These events of re-transmissions will degrade the efficiency of using larger bundle as described in Figure 2
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[bookmark: _Ref462732419]Figure 2
To quantify this trade-off we compare the optimal peak-rate (no re-transmissions) with realistic peak-rate. We consider a single bundle-group of size B and a single-bit HARQ feedback is sent back for the whole group with fixed timing-relationship between the last DL (subframe N) to HARQ-ACK (subframe N+4). The calculation is detailed in the Appendix. 
[bookmark: _Ref461371738]Table 1 – data-rates for conventional scheme with single bundle group
	
	Downlink peak data-rate [kbps]
	

	Bundle size
B
	Optimal R0   
	Realistic P0R0  + P1R1  
	

	1
	125.00
	118.13
	-6%

	2
	222.22
	198.90
	-10%

	3
	300.00
	254.90
	-15%

	4
	363.64
	293.95
	-19%

	5
	416.67
	321.14
	-23%

	6
	461.54
	339.90
	-26%

	7
	500.00
	352.60
	-29%

	8
	533.33
	360.86
	-32%



 The maximum bundle-size can be as large as the maximum number of DL HARQ supported (up to 8 for FDD in Rel-13). With this scheme although a bundle size of 8 it reaches optimal peak-rate of 533kbps, under realistic radio conditions it will only reach 360kbps most of the time. 
Observation#1: With simplified HARQ-ACK feedback, optimal peak-rate is increased with the size of the bundle-group, but the efficiency is decreased and the realistic peak data-rate is poor
To improve this situation, we could introduce an enhanced feedback which also indicates which of the DL subframes are (still) corrupted, and only the corrupted subframes will be re-transmitted. This will improve the efficiency and realistic data-rate. 
Observation#2: to improve the performance of the single bundle-group scheme under realistic radio-conditions it means introducing enhanced format for HARQ-feedback. 
2.2. Improved scheme with enhanced HARQ-feedback
To enhance the HARQ-feedback it would need to be defined both for PUCCH and for  PUSCH. For HARQ-ACK in PUSCH it means to encode HARQ-ACK bits with bundle sizes of 8 (or less) with using existing channel coding. With maximum of 8 or 10 information bits, it can occupy 32 coded bits. For ACK in PUCCH, this depends on which PUCCH format is used but either way it means occupying more PUCCH resources.  
We see few issues to be mentioned with regard to enhanced HARQ-feedback - 
1. eNodeB would need to indicate also how many DL subframes were sent in each cycle. Otherwise if UE does not know this, it will always encode the feedback based on all the DL subframes in a cycle (e.g. 8 SF). This would be 3 bits for a bundle of size 8 (or more if larger bundle is considered).
2. When feedback is sent in PUCCH, it will lead to imbalance between the spreading of PDSCH subframes and the occupancy of PUCCH in each subframe. For eNodeB it may be preferred to spread the reserved PUCCH resources more evenly over few subframes. 
3. with  fixed timing-relationship of N+4 between last PDSCH subframe (D8) to HARQ-ACK feedback, it means there will be anyway UL subframes that are not used to send any feedback. See for example Figure 3 where subframes #1 and #2 in the second frame are not used to send feedback.
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[bookmark: _Ref461370465]Figure 3
Since this timing of N+4 is not expected to be shortened, this suggests an alternative – instead of sending a single ACK, all of the 3 UL subframes can be used for sending smaller ACKs. For example sending 3 ACKs separately for subframes {0,1},{3,4}and for {5,6,7,8}. With this approach, we effectively generated multiple “bundle-groups”. Since the size of each bundle-group is much smaller than the original single-sized bundle, it is realistic to keep the HARQ feedback to be a simple “AND” operation instead of a new encoding method. 
Observation#3: sending a single ACK for a large bundle group is not necessarily the better option compared to sending multiple ACKs for the same number of DL subframes 
An alternative approach would be not to acknowledge all the DL subframes in the same scheduling cycle. For example, SF#0 and SF#1 of the second radio frame would then be scheduled with DL but HARQ-ACK will be sent later than SF#3. But this is a equivalent of saying there are multiple “bundle-groups” within a scheduling cycle, each with its own HARQ-ACK timing. 
Proposal#1: more than a single bundle-group can be supported in a same scheduling cycle, where bundle-group refers to a set of DL subframes on which HARQ-ACK is sent in same UL subframe. 
In the following section, we explore such schemes with multiple bundle-groups.  
3. Schemes with multiple bundle-groups
3.1.  Conventional schemes 
The first natural scheme with multiple bundle-groups could be with keeping the timing of N+4 between the last DL subframe of each bundle group and its HARQ-feedback. Such a scheme (scheme 3A) is presented in the diagram of Figure 4 below. Here there are L=2 bundle groups and B=2 SF in each bundle 
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[bookmark: _Ref461371403]Figure 4 – Scheme 3A
The above scheme can only provide with an (optimal) DL peak-rate of 363kbps which is not significant improvement compared to Rel-13 baseline which is 300kbps. With increasing the size of the bundle groups (B>2) the timing between last DL in the bundle group to the HARQ feedback cannot be kept anymore to be N+4 to all bundle-groups. 
Observation#4: to perform HARQ-ACK bundling with multiple bundle-groups means that not all bundle-groups will have a timing relationship of N+4 between last DL to HARQ-feedback.   
On the other hand, if we do allow different timing-relationships, we can easily find better schemes. For example, if we keep B=2 and adopt a scheme with L=3 bundle-groups Figure 5 (scheme 3B) we reach a DL peak-rate of 461kbps which is 54% higher and great improvement compared to Rel-13. Since we only bundle 2 DL subframes together, the realistic data-rate (based on Table 1) is 10% lower and reaches 413kbps which is still high.  This scheme 3B is shown in Figure 5
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[bookmark: _Ref461371618]Figure 5 – scheme 3B
Taking a similar scheme with B=3 and L=2 we would get exactly the same optimal DL peak-rate but lower realistic peak-rate due to more retransmissions. 
With taking B=4 and L=2 we get the diagram in Figure 6 (scheme 3C) which reaches an optimal data-rate of 533kbps (same as with the single bundle of size B=8 in section 2) and realistic peak-rate of 432kbps. The advantage compared to the section 2 scheme is that even without introducing enhanced ACK the performance is good. This is referred to as scheme 3C and shown below  
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[bookmark: _Ref461371940]Figure 6 – scheme 3C
Proposal#2:  for HD-FDD HARQ-ACK bundling, the size of each bundle can be 2 or 4 subframes. 

3.2. Improvements with delayed DL scheduling
All configurations that we described so far are still inefficient due to cross-subframe scheduling. With cross-subframe scheduling, PDSCH which is scheduled by MPDCCH in DL subframe N will be transmitted in DL subframe N+2 (assuming all valid SF). As seen in the figures above, this introduces “holes” in the scheduling diagram so that 2 of the DL subframes in each cycle cannot be used (for example, observe subframes #0 and #1 are not scheduled with DL in any of the diagrams). 
This loss is quite meaningful, for example with the single bundle with B=8 of section 2 there is a loss of 13.33% in resources which are not used for scheduling.  
Observation#4: with fixed MPDCCH-PDSCH timing relationship, the loss in scheduling opportunities is at least as high as 13.33%.  
  Based on the above observation we see a need to describe improved schemes which do not consider fixed MPDCCH-PDSCH timing relationship. We refer to this as “delayed DL grant”. In our view there is no need to define a flexible delayed DL grant, but one that its definition is rather simple: 
· DL grant in MPDCCH sent in the last subframe before retuning gap is scheduling a PDSCH for the second subframe after retuning gap.
· DL grant in MPDCCH sent two subframes before retuning gap is scheduling a PDSCH for the first subframe after retuning gap.

With this rule in mind, we can have a scheduling cycle with 100% DL sub frames utilization. We come up with additional 3 more bundling schemes which are obviously improved compared to the ones described before and which do not require large specification effort. 
In Figure 7 (scheme 3A+) we have B=2 and L=3 and 6 HARQ processes → optimal DL peak-rate is 444kbps and realistic peak-rate is 398kbps.
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In Figure 8 (scheme 3B+) we have B=2 and L=3 and 8 HARQ processes → optimal DL peak-rate is 545kbps DL and realistic peak-rate is 488kbps. 
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[bookmark: _Ref462676798]Figure 8 - scheme 3B+
In Figure 9 (scheme 3C+) we have B={2,4}, L=3 and 10 HARQ processes → optimal DL peak-rate is 600kbps and realistic peak-rate is 500kbps
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[bookmark: _Ref462732260]Figure 9 - scheme 3C+
Observation#5: with introducing delayed DL grant, the best optimal DL data-rates can be achieved   
Notice that with the above schemes we only considered 1 HARQ-ACK bit. With 2 HARQ-ACK bits, the realistic performance can even be slightly improved. 
Proposal#3: relaxing MPDCCH-PDSCH timing relationship is supported to enable delayed DL grant before DL-UL re-tuning.  
4. Definition of DL-UL switch SF 
For a Rel-13 HD-FDD there is a fixed timing relationship between any DL subframe and its corresponding HARQ-feedback, therefore there is no confusion on when UE should switch between DL-UL. Even when UE miss-detect MPDCCH, at worst-case it will monitor one more DL subframe and delay its switching time but it will not cause an ambiguity between the DL-UL subframes. 
With HARQ-ACK bundling, no matter in which scheme – the timing-relationship between different DL subframes to the corresponding HARQ-ACK feedback is different. Therefore UE has to assume for each DL subframe one of the two (which are equivalent)
· What is the HARQ-ACK timing per each DL subframe → guard-subframe is determined implicitly
· What is the index of the guard-subframe →  HARQ-ACK timing determined implicitly (per DL SF)
Observation#6: with HARQ-ACK bundling for half-duplex, determination of guard subframe is needed. Either explicit or implicit determination rule can be considered.     
The determination of guard-subframe is equivalent to determination of DL/UL subframe. To define properly the rule for guard subframe timing, there are few considerations: 
· Scheduling flexibility - flexible pattern is such that UE can be scheduled in almost every subframe for either DL/UL.
· subframe utilization  -  a pattern is not efficient in its subframe utilization if some subframes are not used for UL transmission of data or HARQ-ACK and cannot be used for DL. The example in Figure 3 for example, is not most efficient in that sense and leads to higher latency 
· Robust against MPDCCH mis-detection – if guard-subframe determination relies too heavily on MPDCCH detection, in the cases of miss-detection it can lead to error cases where UE confuses between DL and UL.
· Time invariance – a scheduling pattern is time-invariant when it can reach the peak-rate without being obliged to begin in a specific DL subframe.
· 
In [1],[2] it was suggested to have a bitmap of either DL/UL subframe configuration or ACK-valid bitmap, and accordingly the switch SF is determinately known to the UE in advance. In [3] it was proposed that the switch SF is determined dynamically based on implicit ‘rules’. 
Although the dynamic approach does not restrict the DL/UL split in a ‘hard-coded’ manner, it is prone to problems if not defined carefully. In particular, in cases where UE miss-detect MPDCCH it can take the wrong decision and can completely confuse between DL-UL subframes or mistaken in which subframe it should send its HARQ-feedback.    
Observation#7: If switch SF is defined in a dynamic manner, it should be defined to be robust to miss-detecting MPDCCH events.    
Another option could be that switch SF is determined based on detected HARQ ID. With this approach, each HARQ ID is associated with its own HARQ-ACK timing-relationship which is known to the UE. Upon detection of any DL subframe, UE will infer the timing of the corresponding HARQ-ACK feedback and will determine the timing of a guard-subframe in an implicit manner. 
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[bookmark: _Ref461638375]Figure 10
In the simple example of Figure 10, we shall assume D1 to D4 are mapped to HARQ process number 1 to 4. HARQ-ACK is sent separately for {D1,D2} and for {D3,D4} in a bundled manner. To support to above scheduling scheme we would describe a timing relationship mapping {D1,D3}→N+5 and {D2,D4}→N+4. 
As long as the UE is aware of this mapping, then guard-subframe can be known. For example, once D1 was detected, and it knows the HARQ-ACK timing relationship is N+5 and therefore it will send HARQ-ACK in SF#7. If MPDCCH#1 was missed but MPDCCH#2 was detected the guard-subframe will remain the same. Even if both MPDCCH#1 and MPDCCH#2 were missed, the guard-subframe is delayed but it will not cause confusion with regard to the second HARQ-ACK or to the other guard-subframe. This example could be easily extended to support all the schemes described earlier. 
The advantage of using this this approach compared to the other methods is that it that guard-subframe (equivalently the DL/UL subframe partition) is dynamic but not vulnerable for MPDCCH miss-detection. Every subframe can be used for DL transmission. Also, an optimal scheduling scheme can be shifted in time, so it can begin at any DL subframe.  
[bookmark: _GoBack]Note that the mapping between HARQ ID to HARQ-ACK timing does not mean that eNodeB always have to schedule D1-D2-D3-D4 in that order necessarily.
Observation#8: guard-subframe determination based on HARQ ID is both flexible and safe in terms of miss-detection errors
Proposal#4:  for defining the timing of guard-subframes (or partition to DL/UL subframes) should consider scheduling flexibility, subframe utilization and robust against miss-detection errors.    
5. Conclusions 
In this contribution we presented several bundling schemes that differ in the resulted data-rate, bundling size, scheduling pattern etc. For convenient comparison we summarize our observations in the below table 

	
	
	
	
	DL data-rate 
	UL data-rate

	
	Bundle size
B
	#bundle-groups L
	Fixed PDSCH-ACK timing [Y/N]
	ROptimal  
[kbps] 
	Rrealistic
[kbps]
	ROptimal   
[kbps]

	Scheme 1
(no bundling)
	-
	-
	Y
	300
	283
	375

	Scheme 2
	1
	1
	Y
	125.00
	118.13
	375

	
	2
	
	
	222.22
	198.90
	333

	
	3
	
	
	300.00
	254.90
	300

	
	4
	
	
	363.64
	293.95
	273

	
	5
	
	
	416.67
	321.14
	250

	
	6
	
	
	461.54
	339.90
	231

	
	7
	
	
	500.00
	352.60
	214

	
	8
	
	
	533.33
	360.86
	200

	Scheme 2+
	1
	1
	Y
	Same as scheme 2
	
	Same as scheme 2
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	3
	
	
	
	
	

	
	4
	
	
	
	
	

	
	5
	
	
	
	
	

	
	6
	
	
	
	
	

	
	7
	
	
	
	
	

	
	8
	
	
	
	
	

	Scheme 3A
	2
	2
	Y
	363.64
	325.45
	273

	Scheme 3B
	2
	3
	N
	461.54
	413.08
	231

	Scheme 3C
	4
	2
	
	533.33
	432
	200

	Scheme 3A+
	2
	3
	N
	444.44
	397.80
	273

	Scheme 3B+
	2
	4
	
	545.70
	488.43
	231

	Scheme 3C+
	4,2
	3
	
	600.00
	499.65
	200



We also made the following observations – 
Observation#1: With simplified HARQ-ACK feedback, optimal peak-rate is increased with the size of the bundle-group, but the efficiency is decreased and the realistic peak data-rate is poor
Observation#2: to improve the performance of the single bundle-group scheme under realistic radio-conditions it means introducing enhanced format for HARQ-feedback. 
Observation#3: sending a single ACK for a large bundle group is not necessarily the better option compared to sending multiple ACKs for the same number of DL subframes 
Observation#4: to perform HARQ-ACK bundling with multiple bundle-groups means that not all bundle-groups will have a timing relationship of N+4 between last DL to HARQ-feedback.   
Observation#4: with fixed MPDCCH-PDSCH timing relationship, the loss in scheduling opportunities is at least as high as 13.33%.  
Observation#5: with introducing delayed DL grant, the best optimal DL data-rates can be achieved   
Observation#6: with HARQ-ACK bundling for half-duplex, determination of guard subframe is needed. Either explicit or implicit determination rule can be considered.     
Observation#7: If switch SF is defined in a dynamic manner, it should be defined to be robust to miss-detecting MPDCCH events.    
Observation#8: switch SF determination based on HARQ ID is both flexible and safe in terms of miss-detection errors
We therefore propose – 
Proposal#1: more than a single bundle-group can be supported in a same scheduling cycle, where bundle-group refers to a set of DL subframes on which HARQ-ACK is sent in same UL subframe. 
Proposal#2:  for HD-FDD HARQ-ACK bundling, the size of each bundle can be 2 or 4 subframes. 
Proposal#3: relaxing MPDCCH-PDSCH timing relationship is supported to enable delayed DL grant before DL-UL re-tuning.  
Proposal#4:  for defining the timing of guard-subframes (or partition to DL/UL subframes) should consider scheduling flexibility, subframe utilization and robust against miss-detection errors.    

References
[1] R1-167318	Support of HARQ-ACK bundling for MTC	ZTE
[2] R1-166296	Support of HARQ-ACK bundling in HD-FDD	Qualcomm Incorporated
[3] R1-166680	Ack Bundling Design Consideration	Sierra Wireless, S.A.
Appendix
Here L is the total number of bundle-groups , Sk is the number of scheduled DL subframes within the kth bundle-group and M is the number of re-transmissions. Different bundle groups can have different cycle duration (see scheme 3C+ and group D9-D10 compared to other groups).
· For the optimal case where all bundle is correctly decoded


· while for a realistic case with re-transmissions, we can define it as – 

While we use 
	


For a simplified model we consider up to 1 re-transmission and ignore gain of HARQ. So we get -
  


For the computations of PDSCH data-rate we assume BLER of 10%.
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