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1. Introduction 
In the previous meeting we agreed the following:

· HARQ-ACK bundling is supported in CE Mode A in HD-FDD.
· HARQ-ACK bundling is not supported in CE Mode B.
· FFS whether HARQ-ACK bundling is supported in CE Mode A in FD-FDD.
· FFS whether HARQ-ACK bundling is supported for PUCCH repetition case.

· FFS whether HARQ-ACK bundling is supported for PDSCH repetition case.

· FFS whether HARQ-ACK bundling is supported for MPDCCH repetition case.

· One or multiple HARQ-ACK bundles can be supported for PDSCH scheduling before switching to UL.

· HARQ-ACK bundle size is defined as the number of PDSCH transmissions (corresponding to different HARQ processes) with a joint HARQ-ACK feedback.

· The maximum HARQ-ACK bundle size is 4.

· FFS: maximum number of HARQ-ACK bundles before switching to UL
· For HD-FDD and FD-FDD,

· Support for max 10 DL HARQ processes in CE mode A is introduced for Rel-14 BL UEs

· A 1.4-MHz BL UE supporting max 10 DL HARQ processes has the same required soft buffer size as Rel-13 Cat-M1 UE

This contribution discusses some remaining aspects of HARQ-ACK bundling in HD-FDD feMTC.
2. Discussion
Since we agreed to support 10 HARQ processes for HD-FDD feMTC, the potential peak throughput that can be achieved if 10 consecutive PDSCHs prior to an UL switch is 588 kbps with a max TBS of 1000 bits.  We agreed that the maximum HARQ-ACK bundle size is 4 PDSCHs.  If we support only a single bundle prior to an UL switch, the maximum throughput that can be achieved is 364 kbps which is an improvement of only 21% over the 300 kbps achieved in Rel-13 compared to a potential improvement of 96% (588 kbps).  Hence, it is highly beneficial that multiple bundles are supported before switching to the UL.
Proposal 1: More than one bundle can be transmitted before switching to the UL.

In Rel-13, there is a 3 ms gap between the end of PDSCH and the start of PUCCH to provide sufficient time for the UE to process the PDSCH, generate the acknowledgement and timing advance for the uplink PUCCH transmission.  In HARQ-ACK bundling the timing between the first PDSCH of a bundle of 4 PDSCHs would exceed this timing since the UE cannot switch in time in the uplink to perform the PUCCH.  Hence, for HARQ-ACK bundling, we do not require a fixed PDSCH & PUCCH timing relation as long as we provide at least 3 ms gap between the last PDSCH of a bundle and the corresponding PUCCH carrying the HARQ feedback.
Proposal 2: For HARQ-ACK bundling, if the PDSCH ends in subframe n, the bundled HARQ acknowledgement carried by the PUCCH starts at subframe ( n+4.

Figure 1 shows a transmission with 10 consecutive PDSCHs and minimising the time in transmitting the PUCCH feedback whilst maintaining at least 3 ms gap between PDSCH and its corresponding HARQ feedback. This set of transmissions maximises the downlink throughput of 588 kbps.  It can be seen that there can be 3 uplink subframes (between time (7 and (10), which can provide 3 PUCCH for 3 HARQ-ACK bundles.  Hence, we can divide the 10 consecutive PDSCH transmissions into 3 bundles which would maximises the downlink throughput.
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Figure 1: 10 consecutive PDSCH transmission broken up into 3 bundles
Proposal 3: A maximum of 3 bundles can be transmitted before switching to the UL.

If we transmit multiple PDSCH bundles before switching to the UL, the UE needs to distinguish one PDSCH bundle from another.  In [1], [2] & [3], it is proposed to indicate the start and/or the end of a bundle in the DCI.  The 2 bit DAI field can be used to indicate the start of a bundle (e.g. 00) but it doesn’t indicate the end of a bundle if the bundle size is less than 4.  Another way is to indicate the bundle index, e.g. 1st, 2nd or 3rd bundle.
Proposal 4: Distinguish one PDSCH bundle from another using indicator(s) in the DCI.

If the end of a bundle is indicated in the DCI then together with the DAI, the UE will know the number of PDSCH in the bundle.  However, if the end of bundle is not indicated then it is beneficial that the UE indicates the number of PDSCH it thinks it has received in a bundle.  One way of doing this is to tie the PUCCH resource used to the number of PDSCH in the bundle.
Proposal 5: If the end of the bundle is not indicated in the DCI, then the PUCCH resource used to feedback the acknowledgement of the bundle is a function of the number of PDSCH received in that bundle.

In TDD the DL & UL subframes are RRC configured and hence the UE knows when to switch from DL to UL and vice versa.  For HD-FDD, flexibility should be provided for the scheduler in deciding the number of DL and UL subframes since there is no interference between DL & UL and hence it is beneficial to dynamically switch between DL and UL.  In [1], it is suggested to send a switch indicator in the DCI, which would tell the UE when to switch from DL to UL.  An alternative is to provide an implicit switch for example, if there is no DCI detected for 2 subframes after the last downlink grant, the UE would switch to the uplink, which would enable the transmission arrangement shown in Figure 1.
Proposal 6: The switch between DL and UL is dynamically indicated either explicitly in the DCI or implicitly.
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Figure 2: PDSCH repetition in HD-FDD

Figure 2 shows two PDSCH transmissions with repetitions in HD-FDD.  It can be observed that due to the PDSCH & PUCCH timing, after the 1st PDSCH repetition, the following 2nd PDSCH transmission can have a maximum repetition of 2 since the UE needs to switch to the uplink to acknowledge the 1st PDSCH transmission.  If the 2nd PDSCH transmission has a repetition > 2, it has to be transmitted after the 1st PDSCH transmission has been acknowledged. Figure 3 shows the DL throughput with PDSCH repetition with and without HARQ-ACK bundling.  In the HARQ-ACK bundling case, all 10 HARQ processes have the same repetitions and are bundled (either in 3 or less bundles).  In the non HARQ-ARQ bundling case, the X-axis gives the repetition of the 1st PDSCH transmission and the 2nd PDSCH transmission is always 2 to conform to the timing relationship described in Figure 2.  All PDSCHs are assumed to carry a TBS of 1000 bits.  It can be observed that HARQ-ACK bundling offers throughput benefits when PDSCH uses small repetition up to a repetition of 8.  Hence, HARQ-ACK bundling should also be used when repetition is used in CE Mode A.
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Figure 3: DL throughput of repetitive PDSCH transmission with and without HARQ-ACK bundling

Proposal 7: HARQ-ACK bundling is used for PDSCH with repetition < 8.

Consider two bundles, Bundle #1 and Bundle #2 in Figure 4.  In the 1st transmission Bundle #1 consists of HARQ processes HARQ#0 and HARQ#1 and Bundle #2 consists of HARQ#2 and HARQ#3.  Assume that HARQ#1 and HARQ#3 failed the CRC and since HARQ-ACK bundling is used, both bundles would feedback a NACK.  If HARQ#1 and HARQ#3 continue to fail in the retransmission, again the eNB would receive NACKs from these bundles.  However, if HARQ#1 of Bundle #1 is swapped with HARQ#2 of Bundle #2 in the retransmission, then the eNB would receive an ACK for Bundle #1 and thereby avoid resending PDSCH in HARQ#0 and HARQ#2 to the UE.  Hence it is beneficial that the eNB is able to swap HARQ processes among retransmitted bundles.
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Figure 4: Swapping of HARQ processes in between retransmitted bundles

Observation 1: It is beneficial to allow swapping of HARQ processes between retransmitted bundles.

In [4], it is proposed that a single DCI is used to schedule all the PDSCH in a bundle.  This would reduce the resources used to carry multiple DCIs at the expense of scheduling flexibility, i.e. each PDSCH in the bundle may have to use the same MCS & resources.  Another aspect in using this method is that the HARQ process number needs to be indicated for the PDSCHs in the bundle.  One way is to indicate the HARQ process number of the first PDSCH in the bundle and the remaining PDSCH use the next available HARQ processes.  As described in Observation 1, it is beneficial that the HARQ processes can be swapped between bundles and here the HARQ process number field can be used to indicate which HARQ process has been swapped.  An example is shown in Figure 5, here in the 1st transmission, the 4 bit HARQ process number is used to indicate the HARQ process number for the first PDSCH and in the retransmission this 4 bit HARQ process number can be used as a bit map to indicate which HARQ process has been swapped.
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Figure 5: Indication of swapped HARQ processes

Proposal 8: If a single DCI is used to schedule the PDSCHs in a bundle:

· In the first transmission, the HARQ process number is used to indicate the HARQ process number of the first PDSCH in the bundle

· In the retransmission, the HARQ process number is used as a bitmap to indicate which HARQ process (PDSCH) is swapped with the next bundle.

3. Conclusion

In this contribution we discuss remaining issues in HARQ-ACK bundling.  We observe the following:
Observation 1: It is beneficial to allow swapping of HARQ processes between retransmitted bundles.

We therefore propose the following:

Proposal 1: More than one bundle can be transmitted before switching to the UL.

Proposal 2: For HARQ-ACK bundling, if the PDSCH ends in subframe n, the bundled HARQ acknowledgement carried by the PUCCH starts at subframe ( n+4.

Proposal 3: A maximum of 3 bundles can be transmitted before switching to the UL.

Proposal 4: Distinguish one PDSCH bundle from another using indicator(s) in the DCI.

Proposal 5: If the end of the bundle is not indicated in the DCI, then the PUCCH resource used to feedback the acknowledgement of the bundle is a function of the number of PDSCH received in that bundle.

Proposal 6: The switch between DL and UL is dynamically indicated either explicitly in the DCI or implicitly.

Proposal 7: HARQ-ACK bundling is used for PDSCH with repetition < 8.

Proposal 8: If a single DCI is used to schedule the PDSCHs in a bundle:

· In the first transmission, the HARQ process number is used to indicate the HARQ process number of the first PDSCH in the bundle

· In the retransmission, the HARQ process number is used as a bitmap to indicate which HARQ process (PDSCH) is swapped with the next bundle.
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