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1 Introduction

For HARQ-ACK bundling to date, the following agreements have been reached:

Agreement:
· 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.

· HARQ-ACK bundling is supported in CE Mode A in HD-FDD.
· HARQ-ACK bundling is not supported in CE Mode B.
· 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. 

· 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

· The maximum number of PDSCH TBs in all bundles before switching to UL is 10.

· The switch time between DL and UL is FFS between:

· Indicated in the DCI

· Implicitly based on the specification

· If repetition is used for M-PDCCH or PDSCH, HARQ-ACK bundling is not used

This contribution discusses the remaining details of HARQ-ACK bundling support in CE Mode A.
2 Support for HARQ-ACK bundling in (F)eMTC

Prior to Rel-14 HARQ-ACK bundling was only supported in TDD where an “AND” operation is performed per codeword for PDSCH transmissions (corresponding to different HARQ processes) across a number of downlink or special subframes associated with a single UL subframe. A HARQ-ACK bundle is defined by the PDSCH transmissions corresponding to the joint HARQ-ACK feedback. For BL/CE UEs, HARQ-ACK bundling is only applicable when “csi-NumRepetitionCE = 1” and “mPDCCH-NumRepetition = 1”.

In Rel-14 FeMTC, the idea of HARQ-ACK bundling was extended to FDD. It has been agreed that there can be up to 3 HARQ-ACK bundles of up to 4 PDSCHs transmitted before switching to the UL and transmitting the HARQ-ACKs. In this paper, we term the cycle of transmitting the set of bundled PDSCHs, switching to UL, transmitting the bundled HARQ-ACKs, and switching back to DL reception a ‘bundling cycle’. The maximum total number of PDSCH transmissions per bundling cycle is 10, equal to the maximum number of HARQ processes introduced in Rel-14 FeMTC.
3 Support for HARQ-ACK bundling in FD-FDD
HARQ-ACK bundling is introduced to improve the peak DL data rate. In FD-FDD, the maximum peak DL date rate has been achieved, i.e. every DL subframe can be used for PDSCH transmissions even if there is a single UE being scheduled, by increasing the number of HARQ processes to 10. The benefit of supporting HARQ-ACK bundling in FD-FDD without any peak rate increase but with unnecessary complication of HARQ-ACK timing is not clear. In fact, FD-FDD is not even targeted for HARQ-ACK bundling in the WID [1]. Therefore, it is proposed not to support HARQ-ACK bundling in FD-FDD.
Proposal 1:  HARQ-ACK bundling is not supported in FD-FDD.

4 Number of MPDCCHs per HARQ-ACK bundling cycle
There are three options for the number of MPDCCHs per HARQ-ACK bundling cycle:

· Option A1: One MPDCCH per HARQ-ACK bundling cycle.

· Option A2: One MPDCCH per HARQ-ACK bundle.

· Option A3: One MPDCCH per PDSCH TB (i.e. same as the non-bundling case).

Option A1 and A2 have the following advantages (to differing extents):

1. Low MPDCCH resource utilization. As indicated in [2] and [3], the resources that were used for MPDCCHs in the legacy case can now be spent on PDSCH transmission, increasing the DL throughput or improving the PDSCH link budget.
2. No misalignment about bundling information between UE and eNB due to unsuccessful reception of one or more MPDCCH.

And the following drawbacks (to differing extents):

1. Complication of DCI design. A particular DCI format may have to be used just for HARQ-ACK bundling.

2. Significant increase of DCI size, resulting in degradation of MPDCCH detection performance. See e.g. some analysis in [3].
3. Significant increase in the required robustness of the (aggregated) MPDCCH detection performance. For example, suppose there are 3 bundles, with sizes 2, 2, and 2. With option A3, even if the 1st to 4th MPDCCHs are all unsuccessfully received, the successful reception of the last two MPDCCHs allows for a HARQ-ACK feedback for the 3rd bundle, while with option A1, under the same radio condition the aggregated MPDCCH will be lost, resulting in the loss of all 3 bundles. Note that this drawback is worsened by the previous drawback.
It can be seen that both Option A1 and Option A2 trade the robustness of MPDCCH detection with more resources for PDSCH transmission, which breaks the balance between MPDCCH and PDSCH performance and is in our view highly undesirable. It is proposed to keep MPDCCH scheduling behavior the same as the non-bundling case, i.e. Option A3.
Proposal 2:  Each MPDCCH schedules one PDSCH TB within a bundle. The timing relationship between MPDCCH and PDSCH is the same as Rel-13 eMTC for each PDSCH within the bundle.
5 DCI design
5.1 Principle of DCI design

Since the eNB will only use HARQ-ACK bundling for UEs in good radio conditions, it is reasonable to assume that within the HARQ-ACK bundling cycle, most of the MPDCCHs/PDSCHs can be detected. However, the DCI design for HARQ-ACK bundling should not rely on all MPDCCHs/PDSCHs or any particular MPDCCH/PDSCH being always correctly detected. For instance, if there are three bundles before switching to UL, and the last MPDCCH is lost, as shown in Figure 1, it would be desirable that the UE can still identify the subframe to be used for transmission of the HARQ-ACK for each bundle.
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Figure 1: Loss of the last MPDCCH of a bundle.

Another example is the loss of contiguous MPDCCHs/PDSCHs belonging to adjacent bundles, as illustrated in Figure 2 where the last MPDCCH/PDSCH for Bundle#0 and the first MPDCCH/PDSCH for Bundle#1 is lost. The UE would not be able to recover from this scenario if the “bundle index” information is not known, e.g. the UE may (incorrectly) regard the first PDSCH TB of Bundle#0 and the second PDSCH TB of Bundle#1 as belonging to the same bundle.
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Figure 2: Loss of contiguous MPDCCHs/PDSCHs belonging to adjacent bundles.

Observation: HARQ-ACK bundling design should not rely on all MPDCCHs/PDSCHs or any particular MPDCCH/PDSCH being always correctly detected.

The above design principle can be used to check the proposals seen so far, e.g.
· Option B1: Explicit HARQ-ACK delay (see e.g. [4]). A DCI field is introduced for each PDSCH TB explicitly indicating when the corresponding HARQ-ACK should be transmitted. A “collision” in HARQ-ACK occasion for different PDSCH TBs implies the HARQ-ACKs for these PDSCH TBs should be bundled.
· Option B2: DAI-like + bundle index + end of bundling cycle (see e.g. [5]). DCI indicates index of the PDSCH TB within a bundle, index of the bundle, and whether the current bundle is the last one in the bundling cycle.
· Option B3: Predefined bundling configuration (see e.g. [6]). DCI indicates at least the bundling configuration which is chosen from a limited number of predefined combinations of {bundle size, number of bundles}.
Option B1 achieves greatest bit savings in case all MPDCCHs are successfully detected, and has the benefit of not requiring consecutive transmissions. However, since the UE only knows a given PDSCH TB belongs to a particular bundle when it successfully detects the corresponding MPDCCH, in case of erroneous MPDCCH detection the HARQ-ACK for the bundle is likely to be wrong. For example, in Figure 2, in case the second MPDCCH for Bundle#0 is not detected, the UE would assume Bundle#0 only contains 1 PDSCH TB, and if the first PDSCH TB for Bundle#0 is successfully received, would (incorrectly) transmit an “ACK” in subframe 9 for Bundle#0.

Option B2 is close to providing all necessary information for robust HARQ-ACK bundling operation, except that the UE heavily relies on the correct detection of the last bundle, especially the last MPDCCH of the last bundle. In case that MPDCCH is incorrectly detected, the UE will be unable to determine the subframe(s) to be used for HARQ-ACK transmission, as already shown in Figure 1. This can be improved by indexing the bundles and PDSCH TBs for each bundle in decreasing order. However, this is at the cost of being sensitive to the loss of first PDSCH TB of a bundle.
Option B3 aims at providing full bundling configuration information in each MPDCCH, and is robust against loss of any MPDCCH within a HARQ-ACK bundling cycle, as long as there is at least one MPDCCH being correctly detected. However, this is at the cost of significantly increasing the required DCI bits. For example, if a total of 8 bundling configurations are defined, and up to 10 PDSCH TBs are supported (as already agreed), 8 x 10 = 80 states (i.e. 7 DCI bits) are required just for the HARQ-ACK bundling information in the DCI. As mentioned above, HARQ-ACK bundling will only be used in good radio conditions, in which case the UE is not expected to lose a very high ratio of MPDCCHs during the HARQ-ACK bundling cycle. Therefore, this option may be over optimized for the robustness against MPDCCH losses and suboptimal in terms of DCI payload.
On the other hand, the idea of limiting the number of bundling configurations may be very helpful to the DCI design. As indicated in [6], a lot of bundling configurations are redundant and unnecessary. For example, it does not make any sense to support both “{2, 2, 4}” and “{2, 4, 2}” as the sizes of three bundles, i.e. there is no loss by removing one of the above mentioned two bundling configurations. This can be exploited to increase the robustness without increasing DCI payload. For example, if the bundle size of 4 only exists in the case of 10 PDSCH TBs in all bundles (before switching to UL), the detection of the particular bundle with size 4 helps the UE to figure out the correct bundling configuration. This is very beneficial especially in the case of link quality variation during the HARQ-ACK bundling cycle.
5.2 Improved DCI design
Option B2 can be improved as follows,

· 2 bits are used for bundle index, indicated in decreasing order.

· 1 bit is used for bundle size of the indexed bundle.
· 2 bits are used for PDSCH TB index within the bundle, indicated in decreasing order.
Indicating the bundle size of the indexed bundle is  beneficial due to  the definition of a limited number of bundling configurations if, for each value of “bundle index” there are only two possible values for bundle size. With this, even if the MPDCCH for the first PDSCH TB of the bundle is lost, the UE can easily recover the bundling configuration and will thus not transmit an incorrect “ACK” for a bundle.
Another consideration on the bundling configuration design is that, it would be sufficient to support one bundling structure for each total number of PDSCH TBs, and it would be desirable to distribute the total PDSCH TBs overthe bundles as evenly as possible. An example is given in Table 1. Note that in this example there is a corner case where the UE cannot recover the bundling configuration: if only the last MPDCCH in all bundles is received and the bundle size bit indicates an even value for the last bundle, the UE cannot distinguish between {2, 2} and {3, 3, 4}. But as indicated in section 4.1, this will rarely occur in the HARQ-ACK bundling scenario and does not need to be supported. Most likely the UE correctly detect at least some of the MPDCCHs of the previous bundle(s) and can well distinguish between {2, 2} and {3, 3, 4}.
Table 1: Bundling configurations

	Number of PDSCH TBs in all bundles
	Number of bundles and bundling sizes

	3
	{3}

	4
	{2, 2}

	5
	{2, 3}

	6
	{3, 3}

	7
	{2, 2, 3}

	8
	{2, 3, 3}

	9
	{3, 3, 3}

	10
	{3, 3, 4}


Proposal 3:  A 5-bit DCI field is defined for HARQ-ACK bundling operation containing the following information:

· 2 bits for bundle index, indicated in decreasing order.

· 1 bit is used for bundle size of the indexed bundle.
· 2 bits for PDSCH TB index within the bundle, indicated in decreasing order.

6 HARQ-ACK timing
The DCI design in section 4 gives the UE a full picture of when the bundles start and end and the duration of each bundle. The UE should switch to UL after the end of the last bundle and the HARQ-ACK of each bundle (starting from the first one) should be sent in the next available subframe (i.e. subframe unoccupied by HARQ-ACKs for other bundles) fulfilling the timing relationships of >=n+4 for the last PDSCH of that bundle. No additional indication is necessary in the DCI, and the UE knows where to transmit the HARQ-ACK for a given bundle even if only one of the MPDCCHs is successfully received.
Proposal 4:  The HARQ-ACK of a given bundle (starting from the first one) is sent in the first available UL subframe (i.e. subframe unoccupied by HARQ-ACKs for other bundles) fulfilling the timing relationships of >=n+4 for the last PDSCH of that bundle.

7 Conclusion
In this contribution, the remaining details of the support for HARQ-ACK bundling in CE Mode A are discussed, and the following proposals are given:

Proposal 1: HARQ-ACK bundling is not supported in FD-FDD.

Proposal 2: Each MPDCCH schedules one PDSCH TB within a bundle. The timing relationship between MPDCCH and PDSCH is the same as Rel-13 eMTC for each PDSCH within the bundle.

Observation: HARQ-ACK bundling design should not rely on all MPDCCHs/PDSCHs or any particular MPDCCH/PDSCH being always correctly detected.

Proposal 3: A 5-bit DCI field is defined for HARQ-ACK bundling operation containing the following information:
· 2 bits for bundle index, indicated in decreasing order.

· 1 bit for the parity of the bundle size.
· 2 bits for PDSCH TB index for each bundle, indicated in decreasing order.

Proposal 4: The HARQ-ACK of a given bundle (starting from the first one) is sent in the first available UL subframe (i.e. subframe unoccupied by HARQ-ACKs for other bundles) fulfilling the timing relationships of >=n+4 for the last PDSCH of that bundle.
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