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1
Introduction
One of the objectives for the Rel-14 work item on further enhanced MTC is consideration of HARQ-ACK bundling for supporting higher data rates. In RAN1 #86bis the following agreements were made in relation to HARQ-ACK bundling [1] –

Agreement:
· 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.
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.

· FFS: maximum number of HARQ-ACK bundles before switching to UL

In this contribution, we discuss further details related to supporting HARQ-ACK bundling for UEs operating in coverage enhancement.
2
Discussion
As a result of the PDSCH scheduling delay relative to MPDCCH in Rel-13, only 3 HARQ processes can be used in HD-FDD on the DL, resulting in a peak data rate of 300 kbps. The maximum number of HARQ processes is 8 in Rel-13 and will be increased to 10 in Rel-14 based on the current agreement [1]. HARQ-ACK bundling along with corresponding new definitions for HARQ timing can increase the peak data rate.
In the absence of any signaling by the Rel-14 UE, the eNB would not know about the capability of the UE to support HARQ-ACK bundling. After such signaling however, the eNB can configure the UE for bundling operation. The eNB may decide not to configure HARQ-ACK bundling for UEs under certain conditions, so this configuration should be at the eNB’s discretion.
Proposal 1: The eNB can configure the UE for HARQ-ACK bundling through RRC signaling after the UE indicates its capability.
With HARQ-ACK bundling, the UE transmits a NACK if at least one of the transport blocks received in the bundle is incorrectly decoded and an ACK otherwise. The probability of decoding error is a function of the MCS/TBS/repetition number combination used for the transmission at any SNR. As such, e.g., a conservative repetition number in poor coverage may yield a lower decoding error rate than an aggressive MCS in good coverage. Therefore, the NACK probability is not necessarily worse in poor coverage, i.e., with repetitions. Thus, the question of whether bundling should be used with repetitions should not consider the coverage conditions but rather the extent of benefit that it can yield.

Consider the example of Figure 1 showing the transmission of PDSCH with repetitions (repetition number of 2). In this case, Rel-13 HARQ timing allows only a single HARQ process. It is also assumed here that the MPDCCH (which can use an aggregation level of 2) and the PUCCH carrying the UL ACK/NACK are transmitted without any repetitions.
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Figure 1. eMTC DL HARQ without ACK/NACK bundling in HD-FDD (repetition factor of 2 for PDSCH).
Figure 2 illustrates HARQ-ACK bundling for two HARQ processes in the same example. It is observed that for increasing the number of transport blocks from 1 to 2, the round-trip time (RTT) is increased from 11 ms to 15 ms. Thus, the data rate is improved by 47% (not considering scheduling constraints) through HARQ-ACK bundling in this example. The data rate improvement is the same when the MPDCCH repetition number is 2 while the PDSCH repetition number is 1.
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Figure 2. eMTC DL HARQ with ACK/NACK bundling in HD-FDD (repetition factor of 2 for PDSCH).
The gain in data rate from HARQ-ACK bundling of 2 processes is shown in Table 1 for various cases in which the repetition number does not exceed 2 for MPDCCH/PDSCH/PUCCH. Note that the RTT also increases corresponding to the repetition with no bundling in these cases.
Table 1. Data rate gain from HARQ-ACK bundling of 2 processes with repetitions.
	Repetition number of MPDCCH
	Repetition number of PDSCH
	Repetition number of PUCCH
	Gain relative to no bundling

	1
	2
	1
	47%

	2
	1
	1
	47%

	2
	2
	1
	41%

	1
	1
	2
	57%

	1
	2
	2
	50%

	2
	1
	2
	50%

	2
	2
	2
	44%


From the above discussion, it is clear that HARQ-ACK bundling can yield significant data rate improvements with MPDCCH/PDSCH/PUCCH repetition number of 2. The disadvantage of bundling, of course, is that all the transport blocks are retransmitted. Thus, for repetition numbers larger than 2, a larger number of subframes will be consumed for unnecessary transmissions when this occurs. By limiting the maximum repetition number for which bundling is supported (and limiting the bundle size to 2), the wastage with retransmissions can be minimized.
Proposal 2: Support HARQ-ACK bundling for the repetition case where the maximum MPDCCH/PDSCH/PUCCH repetition number is 2.

It has been agreed that the maximum bundle size is 4. The HARQ timing is illustrated in Figure 3 when only a single bundle is supported where the bundled HARQ-ACK is transmitted after a 3-ms gap following the PDSCH of the last process in the bundle. The HARQ RTT is seen to be 13 ms in this example.
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Figure 3. eMTC DL HARQ with ACK/NACK bundling in HD-FDD for 1 bundle.
Support of a maximum of two bundles corresponds to 8 HARQ processes, as depicted in Figure 4. The HARQ RTT in this case is seen to be 17 ms. It can be seen that the data rate improvement from supporting two bundles relative to a single bundle is 53%. Thus, there is a significant benefit from supporting more than one bundle.
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Figure 4. eMTC DL HARQ with ACK/NACK bundling in HD-FDD for 2 bundles.
To support all 10 HARQ processes with bundling, 3 bundles are needed, with the last bundle containing 2 HARQ processes, as illustrated in Figure 5. If the HARQ-ACK for the last PDSCH bundle is transmitted after a 3-ms gap following the PDSCH of the last process of that bundle, the HARQ-ACKs for the previous PDSCH bundles can be transmitted in the preceding one or two subframes, as shown in Figure 4 and Figure 5 for 2 and 3 bundles, respectively. A single subframe is still available as DL-to-UL switching gap after the last PDSCH transmission. The HARQ RTT is seen to be 19 ms with 3 bundles. It can be seen that the data rate improvement by supporting 10 HARQ processes through 3 bundles over limiting support to 8 HARQ processes through 2 bundles is 12%. This is a small gain when considering the potential additional complexity associated with supporting a third bundle. Therefore our view is that a maximum of 2 bundles is supported.
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Figure 5. eMTC DL HARQ with ACK/NACK bundling in HD-FDD for 3 bundles.
Although there are alternative approaches for deriving the timing of HARQ-ACK, such as through semi-static DL/UL subframe configuration, these would be restrictive. Our view is that UL timing can simply be based on DL transmissions. It is seen in the above discussion that the timing for the different HARQ-ACK bundles in the no-repetition case can be derived by fixing the timing for the last bundle. The last HARQ-ACK bundle itself is transmitted in the fourth subframe after the PDSCH of the last process in the last bundle. If HARQ-ACK bundling is also supported for the repetition case, however, the timing would need to be modified to accommodate repetitions of each HARQ-ACK bundle. Therefore, the HARQ-ACK timing would depend on whether or not the UL ACK/NACK is repeated. To avoid the associated increase in complexity, the maximum number of bundles can be limited to 1 in the case of MPDCCH/PDSCH/PUCCH repetition. A single bit in the DCI can indicate whether the current bundle is the last one.
Proposal 3: The maximum number of HARQ-ACK bundles is 2 in the case of no repetitions and 1 in the case of repetitions.
Proposal 4: The last bundled HARQ-ACK is transmitted in the earliest available UL subframe at least 3 ms after reception of PDSCH of the last process of the last bundle. The bundled HARQ for any previous PDSCH bundle is transmitted in the previous available subframe.
After HARQ-ACK bundling is configured for a UE, the UE expects bundling for every transmission. Since additional information must also be indicated, new DCI fields are needed. In a companion contribution, new DCI formats for Rel-14 UEs are discussed [2]. The eNB uses the new DCI format for DL scheduling of UEs in CE Mode A that have been configured for HARQ-ACK bundling. While the maximum bundle size is 4, the bundle size in an individual transmission could be smaller than 4. The bundle size may need to be shortened, for example, when reaching the end of the data in the buffer. It is also desirable to support bundle sizes smaller than 4 for scheduling flexibility. If the eNB does not otherwise want to use bundling temporarily, it can choose to do so by simply using a bundle size of 1.

Unlike in TDD, where the bundle size, bundle start and end times, and UL ACK/NACK time are all predefined, here it is necessary to indicate the bundle size and the transmission number within the bundle to enable the UE to determine whether it has received all the MPDCCH/PDSCH transmissions and correctly determine the bundled HARQ-ACK timing. Indicating one but not the other would not provide sufficient information to handle error cases. For example, if the only the bundle size is indicated to be 4 and if the UE is unable to decode the MPDCCH for the first and fourth processes but is able to correctly decode the second and third MPDCCH and PDSCH transmissions of the bundle, it would not be able to determine which transmissions were lost and when the HARQ-ACK is expected. Flagging only the start and end of the bundle would also not help in some error cases. Likewise, if only the transmission number within the bundle is indicated, a lost transmission cannot be differentiated from the end of the bundled transmission.
If bundles sizes of 1–4 are supported, then the number of values that are needed to indicate both the bundle size and the transmission number within the bundle is 1 + 2 + 3 + 4 = 10, which would require 4 DCI bits. If only bundle sizes of 1, 2, and 4 are supported, then the number of values becomes 1 + 2 + 4 = 7, for which 3 DCI bits are sufficient. Thus, 3 DCI bits can indicate the bundle size and the transmission number within the bundle, for example, according to the Table 2. Alternatively, bundle sizes of 1, 3, and 4 can also be supported with 3 bits (leaving no “Reserved” value).
Table 2. Use of 3 DCI bits to indicate bundle size and transmission number within bundle.
	DCI bit values
	Transmission number within bundle / bundle size

	000
	Reserved

	001
	1 / 1

	010
	1 / 2

	011
	2 / 2

	100
	1 / 4

	101
	2 / 4

	110
	3 / 4

	111
	4 / 4


Proposal 5: One bundle size other than 1 (no bundling) and 4 (maximum bundle size) is supported.
Proposal 6: 3 bits in the DCI are used to dynamically indicate the size of the bundle and the transmission number within the bundle.

If a maximum of 2 bundles is supported and the HARQ-ACK timing is derived relative to the second bundle, the UE would also need to know the number of the current bundle. A single bit in the DCI can be used to indicate this information.

Proposal 7: A single bit in the DCI is used to indicate the bundle number.
Depending on support for bundling with MPDCCH/PDSCH repetitions, some or all of the DCI bits used to indicate the repetition number may not be needed. These bits can potentially be reused to indicate information related to bundling as discussed above.

Proposal 8: Consider repurposing DCI bits that are redundant with HARQ-ACK bundling to indicate bundling information.

In general, there is no benefit from supporting HARQ-ACK bundling in FD-FDD and hence there is no need to support it.

Proposal 9: HARQ-ACK bundling is not supported in FD-FDD.

3
Conclusion

In this contribution, further details related to supporting HARQ-ACK bundling for UEs operating in coverage enhancement are discussed. The following proposals are made.

Proposal 1: The eNB can configure the UE for HARQ-ACK bundling through RRC signaling after the UE indicates its capability.

Proposal 2: Support HARQ-ACK bundling for the repetition case where the maximum MPDCCH/PDSCH/PUCCH repetition number is 2.

Proposal 3: The maximum number of HARQ-ACK bundles is 2 in the case of no repetitions and 1 in the case of repetitions.
Proposal 4: The last bundled HARQ-ACK is transmitted in the earliest available UL subframe at least 3 ms after reception of PDSCH of the last process of the last bundle. The bundled HARQ for any previous PDSCH bundle is transmitted in the previous available subframe.

Proposal 5: One bundle size other than 1 (no bundling) and 4 (maximum bundle size) is supported.

Proposal 6: 3 bits in the DCI are used to dynamically indicate the size of the bundle and the transmission number within the bundle.

Proposal 7: A single bit in the DCI is used to indicate the bundle number.
Proposal 8: Consider repurposing DCI bits that are redundant with HARQ-ACK bundling to indicate bundling information.

Proposal 9: HARQ-ACK bundling is not supported in FD-FDD.
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