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1. Introduction
In RAN1#86bis several agreements were made under the objective to support HARQ-ACK bundling for HD-FDD. In this contribution we continue the discussion and focus on the following aspects - 
· Timing rules when bundling is applied
· Support of bundling with PUCCH/MPDCCH/PDSCH repetitions
· Complementary HD-FDD enhancements to HARQ-ACK bundling
2. HARQ-ACK timing delay 
In Rel-13 eMTC for PDSCH transmitted in SF #N, ACK is sent in SF #N+4. With Rel-14 HARQ-ACK bundling this rule is not kept anymore and different PDSCH transmissions will have different timing offset to ACK transmission. In this section we provide several options ? 
Option A – based on HARQ process number
With this option, a PDSCH transmitted in SF #N will send HARQ-ACK in SF #N+X(i) where the timing offset X(i) depends on the HARQ ID of that PDSCH. This is shown in Figure 1 where 6 different PDSCH are sent. In this example, HARQ ID1 is sent in SF#2 and its (pre-defined) delay is 7, so ACK is sent in SF#9.  
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[bookmark: _Ref465345366]Figure 1 – ACK delay is based on HARQ-ID
we assume D1 is carrying HARQ ID1; D2 is carrying HARQ ID2, and so on.
There are several advantageous with this method. First, no extra bits are needed in the DL grant and the timing relationship can be defined in an implicit manner.  Second, every subframe is potentially a downlink subframe which is important for scheduling flexibility. Similarly, every subframe is potentially ACK subframe. Third, there is no restriction on when the transmission shall begin – with the example above the transmission begins in SF #0 and the DL peak-rate (which is 936 bits * 6 SF / 13 ms = 432 kbps) would be exactly the same if the transmission would begin in any other SF. 
When ACK delay relies on HARQ-ID, it does not mandate that all PDSCH transmissions should be sent in a consecutive manner. Also, it does not require the HARQ process numbers to be sent in an increasing order. This is shown in Figure 2. In this example, there is no negative impact compared to Figure 1, other than that in SF#9 the bundle is of size 3 rather than 2. In this sense the ‘bundle-groups’ are not fixed. 
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[bookmark: _Ref465347615]Figure 2 – ACK delay is based on HARQ-ID
not all HARQ processes are scheduled nor sent in an increasing serial manner
Option B – explicit delay value 
Another option is to signal the ACK delay X(i) directly in the downlink grant of the corresponding PDSCH. This is useful when number of PDSCH transmissions in each “cycle” is not constant, or just to provide another level of dynamic control. When 10 HARQ processes are supported, and consider the agreement that bundle size is not larger than 4, there will be 3 separate bundle-groups (3 separate HARQ-ACK). A natural PDSCH to bundle mapping (Figure 3) will require to signal 8 values {11…4} with 3 bits. However, a slightly different mapping (Figure 4) will use only 4 values {11,8,5,4} which require 2 bits.
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[bookmark: _Ref465603443]Figure 3 – ACK delay based on explicit delay value. Example for scheduling 10 HARQ processes with 3 bit field
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[bookmark: _Ref465670814]Figure 4 - ACK delay based on explicit delay value. Example for scheduling 10 HARQ processes with 2 bit field
Option C – based on bundle-group index 
With this alternative each bundle group index has its own delay to different UL subframes (based on the last subframe in the bundle group). 
One way to relate PDSCH to a bundle group index is to indicate the bundle index directly in the DL grant. Since there can be 3 or 4 bundle groups, this indicator will require 2 bits. But this is same as option B. 
Option D – based on subframe index
If we define that some subframes are reserved only for UL or DL transmission (per UE), then in practice we have a TDD-like configuration. With this approach, it is natural also to follow the TDD way of HARQ-ACK bundling, where the ACK delay offset is according to a table look-up and based on subframe association set. 
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[bookmark: _Ref465601361]Figure 5 – ACK delay based on subframe index, similar to TDD 
With option D, there is limited flexibility, since only fraction of the subframes can be used for downlink data transmission. Also, because of cross-subframe scheduling, even smaller fraction of the subframes can be used for sending the DL grant itself. Taking the UL-DL configuration depicted in Figure 5 for example, only subframes 0 to 3 can be used to send DL grant, which is 4/11 ≈ 36% of the subframes. With options A-C there is no such limitation.  Another drawback of this method is that it is not easily scalable to support repetitions. The above scheme for example, would not be able to support HARQ-ACK bundling with 4 repetitions (see section 3).   On the other hand, the power consumption is improved when no continuous DL data is sent, because the UE can micro-sleep during unused UL subframes. 
Based on the above analysis we propose the following – 
Proposal#1: when UE is configured with HARQ-ACK bundling, every valid subframe can equally be used for each of: PDSCH, PUSCH or PUCCH transmission.   
Proposal#2: PDSCH HARQ-ACK timing delay is either based on HARQ process number or based on explicit signaling of delay value in DCI (e.g. option A or option B). 
3. Repetition cases 
PDSCH repetition case
In [1] we compared the DL peak-rate with HARQ-ACK bundling and no PDSCH repetitions. Table 1 below describes the improvement in DL data-rate when HARQ-ACK bundling is used with PDSCH repetitions, for different number of PDSCH transmissions up to 4. We assumed no MPDCCH or PUCCH repetitions. We also ignore the cases with R=16 or 32 repetitions. 
[bookmark: _Ref465675674]Table 1 – potential peak data-rate (kbps) with legacy ACK delay vs. modified ACK delay 
	
	Rel-13
	Rel-14

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

	2
	111
	182
	182  
	230 (+21%)
	266 (+46%)

	4
	91
	X
	133 (+46%)
	 157 (+73%)
	166 (+82%)

	8
	67
	X
	87 (+30%)
	97 (+45%)
	100 (+50%)



According to the table, with R=2 repetitions and Rel-13 timing relationship, the data-rate is limited to ≈ 182 kbps since after 2 PDSCH transmissions the UE would re-tune to UL. With R=4 repetitions and Rel-13 timing relationship, data-rate is limited to ≈ 91 kbps because only 1 transmission can be sent before UE retunes to UL. On the other hand, if we use the HARQ-ACK bundling we see large gains in (%).  
Observation#1: supporting HARQ-ACK bundling with PDSCH repetitions is beneficial 
One thing to note for the repetition case is that most of the improvement is achieved not because the HARQ-ACK are bundled, but thanks to the modified ACK delay which allows to push more PDSCH transmissions before re-tuning to UL. In other words, whether 3 or 4 different HARQ-ACKs are sent will almost not change the data rate. On the other hand, the re-transmission time will be twice much higher. Therefore for the repetition case, it is preferred to send HARQ-ACK for different PDSCH in different UL subframes.  
In Figure 6 for example, 4 PDSCH are sent each with R=4 repetitions, and separate HARQ-ACK is sent for each PDSCH transmission. If we would allow HARQ-ACK to be bundled, the difference will be 7 kbps (1 less UL subframe would be used).  On the other hand, it would mean that re-transmission duration will be 8ms instead of 4ms which is much less efficient.  
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[bookmark: _Ref465688877]Figure 6 – PDSCH repetition case, with modified HARQ-ACK delay
Observation#2: with PDSCH repetitions, it may be beneficial to use the modified timing relationships of HARQ-ACK bundling, but without bundling.  
To adapt to the PDSCH repetition case, the reference timing for ACK transmission should be the last PDSCH repetition (same as Rel-13). As for the ACK delay value, we believe there is no one set of delay values that are optimal for both the non-repetition case and for the repetitions cases. To support this we suggest that the ACK delay values will be adapted or scaled based on the number of repetitions. 
MPDCCH repetition case
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. 
Observation#3: with MPDCCH repetitions, HARQ-ACK bundling functionality can remain the same
PUCCH repetition case
When PUCCH is configured with repetitions, depending on the ACK delay there may be collision between different PUCCH corresponding to different group-bundles.  This is illustrated in Figure 7 where we used the same example and delay values from Figure 1 but with two PUCCH repetitions. 
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[bookmark: _Ref465678898]Figure 7 – PUCCH repetition case with HARQ-ACK bundling
The problem exists when the ACK delay X(i) is defined in advance and regardless if PUCCH is transmitted with or without repetitions. To solve this problem we think it should be up to eNodeB to avoid collisions between PUCCH transmissions.  As for the UE, it could either drop PUCCH which collides or postpone. 
From Figure 7 eNodeB could simply avoid scheduling D3-D4. Still, if such scheduling takes place, UE could either drop ACK 3-4 or postpone with 1 SF (FFS).
Observation#4: with PUCCH repetitions, HARQ-ACK bundling functionality can remain the same
Based on this section, we propose the following 
Proposal#3: 
· HARQ-ACK bundling is supported in the following cases: PDSCH repetitions, MPDCCH repetitions and PUCCH repetitions. 
· FFS UE behavior in case of PUCCH repetitions
· FFS how to adapt the HARQ-ACK delay in case of PDSCH repetitions
Proposal#4:  
· For the case of PDSCH repetitions, consider separate HARQ-ACK are transmitted for different PDSCH transmission
4. Improvements with delayed DL grant
All configurations that we described so far are still inefficient due to Rel-13 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). 
The different in data rate derives from shortening the scheduling cycle with 2 SF. In percentage the gain equals to 2*100/(N+5) where N is the number of PDSCH. 
Observation#4: when N PDSCH transmissions should be sent, the gain in data-rate that can be achieved with delayed DL grant is 2*100/(N+5), for N≥3 
Based on the observation, we see a need to allow 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 with rather simple definition. For MPDCCH no-repetition case - 
· 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.

For the MPDCCH repetition case it could be that the last MPDCCH repetition before the guard subframe schedule PDSCH right after guard subframe (only 1 PDSCH transmission is allowed). 
With this rule in mind, we can have a scheduling cycle with 100% DL subframes utilization. This is illustrated in Figure 8 below when 6 PDSCH transmissions are scheduled each time. In this figure, M1 is scheduling D1 with Rel-13 timing relationship (N+2). However, M7 and M8 are sent right before guard subframe and therefore are considered as delayed grant which schedule D7 and D8. In this case, the delay is N+7. 
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[bookmark: _Ref465694026]Figure 8 – HARQ-ACK bundling with delayed DL grant
Comparing the enhanced scheme in Figure 8 with that of Figure 1, in both cases 6 PDSCH transmissions are sent – the enhanced scheme can reach a data rate of 545 kbps where the normal scheme only reach 461 kbps (18%). This is a big difference with introducing a relatively small change to the specification. 
For the general case, the gain in data-rate with this enhancement is meaningful for any number of scheduled PDSCH [1] although it will be more significant when the number of PDSCH is smaller than the maximum (25% gain for 3 PDSCH and down to 2% gain with 10 PDSCH). This enhancement is complementary to the HARQ-ACK bundling functionality. 
In companion contribution [2] we show that this modified timing relationship is also useful for improving the coverage for the repetition case. In that reference we use the VoLTE use-case as an example. 
As for the specification impact – if this enhancement is introduced, we will have two different MPDCCH-to-PDSCH timing relationship. It is preferred that the UE would not confused between MPDCCH with normal scheduling and MPDCCH with delayed scheduling. If this happens it means that PDSCH is not detected at the proper timing, and even that HARQ-ACK is sent in the wrong subframe. This can happen for example if in Figure 8 the UE will mis-detect M1 and M2  it will not send ACK 1-2 in SF#9  it is not guaranteed it will consider SF#8 as guard-subframe  therefore M7 and M8 may not be guaranteed to be understood as delayed DL grant  then UE may look for D7 and D8 in SF#9 or SF#10 
However, this can be solved in several ways. One way is to simply add a flag-bit to say a DL grant is delayed type. Another solution could be using fixed subframe index for the guard-subframe (option C in section 2, although less preferred for the mentioned reasons). 
Proposal#5:  modified MPDCCH-PDSCH timing relationship is defined to support delayed DL grant

Conclusions 
In this contribution we suggested several schemes for HARQ-ACK bundling and proposed the following - 
Proposal#1: when UE is configured with HARQ-ACK bundling, every valid subframe can equally be used for each of: PDSCH, PUSCH or PUCCH transmission.   
Proposal#2: HARQ-ACK timing delay is either based on HARQ process number of based on explicit signaling of delay value in DCI.
Proposal#3: 
· HARQ-ACK bundling is also supported in the following cases: PDSCH repetitions, MPDCCH repetitions and PUCCH repetitions. 
· FFS UE behavior in case of PUCCH repetitions
· FFS how to adapt the HARQ-ACK delay in case of PDSCH repetitions
Proposal#4:  
· For the case of PDSCH repetitions, consider separate HARQ-ACK are transmitted for different PDSCH transmission
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 Proposal#5:  modified MPDCCH-PDSCH timing relationship is defined to support delayed DL grant
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