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LTE Rel-13 introduced improved support for machine-type communications (MTC) in the form of bandwidth-reduced low-complexity and coverage enhanced (BL/CE) UEs. One of the objectives of the Rel-14 WI on Further Enhanced MTC (FeMTC) [1] is to specify the following improvements for higher data rate support for BL/CE UEs:
· Larger maximum TBS
· Larger max. PDSCH/PUSCH channel bandwidth in connected mode at least in CE mode A in order to enhance support e.g. voice and audio streaming or other applications and scenarios
· Specify HARQ-ACK bundling in CE mode A in HD-FDD
· Up to 10 DL HARQ processes in CE mode A in FD-FDD
RAN1 has made the following agreements on HARQ-ACK bundling [2].
RAN1#86bis 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.

RAN1#86bis 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.

RAN1#87 agreement:
· 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 MPDCCH or PDSCH, HARQ-ACK bundling is not used

In this contribution we address the remaining open issues regarding HARQ-ACK bundling.	
Scheduling HARQ-ACK bundling using single DCI 
In Rel-13, each unicast PDSCH transmission to a BL/CE UE is scheduled by an associated MPDCCH transmission. Figure 1 illustrates a HARQ-ACK bundling scheme based on the same principle. The HARQ-ACK feedback for all the PDSCH TBs in a bundle is a single ACK/NACK bit. This bit is set to ACK if all PSDCH TBs have been successfully decoded, otherwise it is set to NACK.
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Figure 1: Scheduling achieving maximum DL data rate for HD-FDD Cat-M1 UE using HARQ-ACK bundling with one MPDCCH transmission per PDSCH transmission
The approach illustrated in Figure 1 is simple and flexible but it has some significant drawbacks:
· Error-prone control signaling: In order for the HARQ-ACK bundling operation to be successful, the UE needs to be able to detect and decode not only one but several MPDCCH transmissions. however, there is a possibility of unsuccessful reception of one or more MPDCCHs that are used for scheduling of each PDSCH TB in the bundle. And this will cause misalignment between UE and eNB. 
· Inefficient resource usage: The limited number of PRBs that are available for transmission to a BL UE need to be split between MPDCCH and PDSCH during most of the subframes.
In order to avoid these drawbacks, we propose to use a single MPDCCH to schedule multiple PDSCH TBs in all bundles in a downlink transmission cycle before switching back to UL. The HARQ-ACK feedback corresponding to each bundle transmission is a single ACK/NACK bit. Using a single MPDCCH for all PDSCH TBs eliminates the possibility of misalignment between UE and eNB. 
Moreover, each MPDCCH transmission consumes DL resources. Cat-M1 UEs can only receive 6 PRBs at a time so if possible it may be beneficial to be able to use as many of these 6 PRBs for actual PSDCH data transmission rather than MPDCCH transmission. therefore, it a single MPDCCH is used to schedule all bundled PDSCH TBs, the resources that were used for each MPDCCH transmission now can instead be spent on PDSCH transmission. This will increase the DL throughput for the same user or other users in the cell.
Proposal 1: A single MPDCCH is used to schedule multiple PDSCH TB bundles in a downlink transmission cycle before switching to UL.
Figure 2 illustrates a case with a HARQ-ACK bundling size 8 with single MPDCCH scheduling, which corresponds to the maximum number of HARQ processes for a Cat-M1 UE in Rel-13. 
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Figure 2: Scheduling achieving maximum DL data rate for HD-FDD Cat-M1 UE using HARQ-ACK bundling with a single MPDCCH transmission scheduling all PDSCH transmissions before switching to UL
Using the above proposal means that all 6 PRBs (for Cat-M1) can be either fully spent on MPDCCH or fully spent on PDSCH in a given DL subframe, which can mean a substantial improvement of the MPDCCH robustness and PDSCH throughput. So compared to normal operation, HARQ-ACK bundling using this approach can help use both the time domain and the frequency domain more efficiently.
Proposal 2: The maximum MPDCCH channel bandwidth (6 PRBs for Cat-M1) can be used for MPDCCH transmission during HARQ-ACK bundling operation.
Proposal 3: The maximum PDSCH channel bandwidth (6 PRBs for Cat-M1) can be used for PDSCH transmission during HARQ-ACK bundling operation.
In order to have flexible scheduling based on the traffic for the UEs, it is suggested to dynamically activate the HARQ-ACK bundling for HD-FDD using MPDCCH. This can be done by using 1 bit in the DCI which indicates whether corresponding MPDCCH is scheduling one PDSCH or multiple PDSCHs in a bundle. This also achieves the dynamic configuration of the HARQ-ACK bundling proposed above.
Proposal 4: Activation/deactivation of HARQ-ACK bundling for HD-FDD is indicated to the UE dynamically using a flag bit in the DCI.
Bundling configuration in downlink cycle
In previous meetings it was agreed that for HARQ-ACK bundling the number of bundles in one downlink transmission cycle before switching back to uplink is equal to 3 and the number of TBs (PDSCHs) in one bundle would be 4. Furthermore, it is agreed to have up to 10 DL HARQ processes for FD-FDD and HD-FDD.
Table 1 shows downlink peak data rates for HARQ-ACK bundling for different total number of TBs in all the PDSCH bundles before switching back to uplink. Data rates in the table is based on TB size of 1000 bits. We can see that bundle transmission of size less than 8 does not provide much higher data rate compared to no HARQ-ACK bundling. Therefore, it is reasonable to always aim for highest number for TBs in each cycle. This could be reasonable from block error rate point of view as well assuming HARQ-ACK bundling is used for UEs with high SNRs. 
Table 1: Downlink peak data rate for HARQ-ACK bundling for different total number of TBs in all the PDSCH bundles before switching back to uplink.
	Number of TBs
	1
	4
	8
	10

	Downlink peak data rate (kbps)
	300
	360
	530
	580



Based on above discussion, it seems that having full flexibility to configure all possible numbers of bundles and numbers of TBs in each bundle is unnecessary. It would only increase the overhead information that needs to be carried in DCI. So it is desired to have a limited number of configurations, as a predefined set, that reaches the maximum data rates and give the eNB enough flexibility to schedule retransmissions in case of failed detection of one or more bundles. The sets are predefined in the sense that UE and eNB both are aware of the configurations based on the specifications in the standard.
Figures 3, 4 and 5 each show a possible predefined set of bundling configurations that could be used for this purpose. Each configuration in the set is defined based on the number of bundles and the number of TBs in each bundle. A small field in the DCI can indicate to the UE which one of these configurations is scheduled for transmission. For the proposed scheme in Figures 3 to 5, a maximum of 3 bits is used for this purpose. Furthermore, based on the proposed scheme in section 5, The HARQ process numbering of all TBs in each configuration can be determined solely based on the configuration index.
Moreover, in section 5, we will show how the retransmission procedure works based on the above scheme using single DCI scheduling for all bundles in the downlink transmission cycle before switching back to uplink.
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Figure 3: Predefined set of bundling configurations in one cycle for case of 4-4-2
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Figure 4: Predefined set of bundling configurations in one cycle for case of 4-3-3
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Figure 5: Predefined set of bundling configurations in one cycle for case of 4-4

Proposal 5: For HARQ-ACK bundling, a set of bundling configurations is predefined. One of the configurations in the set is scheduled in each downlink transmission cycle before switching back to uplink.
· Each configuration consists of number of bundles and sizes of the bundles. 
· The configurations can be defined as follows:
· The first configuration contains the largest number of TBs that can be scheduled in one cycle (i.e. maximum number of HARQ processes that could be scheduled), which are grouped into different bundles.
· All other configurations are obtained by selecting different combinations of bundles from the first configuration.
· An index corresponding to each configuration will be sent to the UE in DCI.
· Max 3 bits in DCI are required to inform the UE which configuration is scheduled.

It is already agreed that HARQ-ACK bundling can only be activated in case of no MPDCCH repetition and no PDSCH repetition. Therefore, the DCI fields that normally indicates the number of MPDCCH/PDSCH repetitions can instead indicate the predefined configurations.
Proposal 6: When HARQ-ACK bundling is activated, the fields for “number of PDSCH repetitions” and “number of MPDCCH repetitions” are used to indicate the predefined bundling configurations.
Switching method and timing between DL and UL
As discussed in our previous contribution [3], fixed switching between downlink and uplink for HD-FDD HARQ-ACK bundling may reduce the achievable data rate due to limitation on number of consecutive downlink subframes that can be transmitted in each downlink transmission cycle. Therefore, it is preferred to have dynamic switching between uplink and downlink for HARQ-ACK bundling in HD-FDD as well.
Furthermore, dynamic switching between uplink and downlink in LTE legacy is based on triggering transmission in uplink. This means that the UE will continue receiving in downlink unless uplink transmission (data or control) is explicitly scheduled. This also means that uplink transmission will continue as long as there is scheduled uplink data or control transmissions, otherwise the UE switch back to downlink. We propose to adopt the same behaviour for HD-FDD HARQ-ACK bundling, and we do not see any need to introduce an explicit indication in DCI for UE to perform switching.
Proposal 7: In case of downlink HARQ-ACK bundling, the UE continues to receive in downlink unless uplink transmission is scheduled.
In legacy LTE, timing difference between PDSCH transmission and corresponding HARQ-ACK is fixed and equal to 4 ms. However, for HARQ-ACK bundling in HD-FDD, this cannot be the case for two reasons. First, the HARQ acknowledgement of all TBs and their corresponding PDSCHs are combined and is transmitted using one PUCCH. Also, in order to achieve high peak data rates, UE should not switch back to uplink after the transmission of each bundle. Therefore, the delay between different PDSCH transmission in a bundle, as well as different bundle transmission, and corresponding HARQ-ACK feedback carried by PUCCH would be necessarily different. 
The assumed UE complexity in LTE requires at least 4 ms delay for PDSCH decoding before transmitting the corresponding HARQ ACK in uplink. In case of bundling of PDSCHs, this constraint is required to be fulfilled for the last PDSCH in the bundle. 
Proposal 8: The HARQ-ACK corresponding to each bundle is transmitted at least 4 ms after the last PDSCH in the bundle. 
In order to solve HARQ-ACK timing problems due to bundling (and keep the data rate high), we should relax the 4-ms delay requirement so that all the HARQ-ACKs will be transmitted in uplink, after all corresponding bundles are received in a downlink transmission cycle. It is proposed that the HARQ-ACKs response will be sent in the same order that the corresponding bundles have been transmitted/received. Furthermore, in each UL subframe only one HARQ-ACK is sent by the UE. Using this scheme, the timing relation between each bundle and corresponding HARQ-ACK is known by both the UE and the eNB. The benefit of this method is that there is no need to transmit extra information in DCI to indicate the timing.
Proposal 9: The HARQ-ACK response corresponding to each bundle is transmitted in first available uplink subframe, at least 4 ms after the last PDSCH in the bundle is transmitted, furthermore
· The HARQ-ACK response for all bundles that are transmitted in a downlink transmission cycle before switching back to uplink, are sent after all bundles are received in downlink.
· The UE only transmits one HARQ-ACK response in each uplink subframe.
· The HARQ-ACK response of different bundles is sent in the same order as the bundles are received.
Retransmission handling 
According to the DL HARQ retransmission protocol in LTE, the MPDCCH that schedules each transport block carries the HARQ process number assigned to that transport block as well. In case of retransmission of any transport block, the same process number is indicated to the UE. This is necessary because the retransmission in downlink is asynchronous, and UE requires this information to perform HARQ-ACK protocol of 8 HARQ processes that act independently from one another. Furthermore, UE needs to know whether the scheduled TB carries new data or a retransmission of old data. This is indicated by the new data indicator (NDI) field in DCI. In case the detection of a transport block is not successful, this mechanism enables the UE to perform soft combining of the last received transport block with previous copies of the same transport block (possibly with different redundancy versions RVs) which could not be decoded successfully.
In case of HARQ-ACK bundling, the same information, i.e. the HARQ process number for each TB, should be informed to the UE. However, we have proposed to use a single DCI to schedule all bundles in a downlink transmission cycle before switching back to uplink. And in this case, it would be costly to transmit the HARQ process numbers of all TBs in all bundles using a single DCI. Therefore, in the following, we propose a solution which eliminates the necessity to transmit this large amount of information in a single DCI.
First we propose that before activating the HARQ-ACK bundling, the UE clears all its buffers which are already used for storing the received transport blocks. This has a small impact on the system performance because it is not expected that HARQ-ACK bundling will be activated/deactivated frequently in a short period.
Proposal 10: The UE clears all its buffers which are already used for storing the received transport blocks, before activating the HARQ-ACK bundling.
Now we clarify how the UE can determine the HARQ process number of each TB. In each predefined set of bundling configurations, there is a configuration which is used to schedule maximum number of TBs in a downlink transmission cycle before switching back to uplink. We should notice that the maximum number of TBs that can be scheduled using one configuration equals the maximum number of processes i.e. 8 or 10 processes. In Figures 3 to 5, this maximum bundling configuration corresponds to the first row in each figure. Next, we propose that the HARQ process numbers are assigned to TBs in the order of the TB indices in the maximum bundling configuration.
This is shown in Figure 6 for the set of predefined configurations in Figure 3. When HARQ-ACK bundling is activated, UE will assign a HARQ process number to each TB from 0 to 9 in increasing order. This means that process #0 is assigned to TB1a, process #1 is assigned to TB1b and so on and so forth. And at last process #9 is assigned to TB3b.
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Figure 6: Assignment of HARQ process numbers to the transport blocks for set of configurations in Figure 3

Moreover, we propose that this assignment will remain the same during the time that HARQ-ACK bundling is being activated. 
Proposal 11: The HARQ process numbers are assigned to all TBs in the configurations as follows:
· The assignment is done in relation to the bundling configuration which has maximum number of TBs among all predefined bundling configurations.
· The HARQ process numbers are assigned to TBs in the order of the TB indices in this maximum bundling configuration.
· This assignment will remain the same for the duration of time when HARQ-ACK bundling is being activated.
· The HARQ process number of all other bundling configurations are assigned according to the maximum bundling configuration.
Based on our proposal in section 3, there are only a few different possible bundling configurations for transmission in each downlink transmission cycle. Since the UE will transmit a single HARQ-ACK for each bundle, it would be enough to have one NDI indication per bundle in the DCI. And since there are up to 3 bundles for each downlink transmission cycle according to agreements, 3 bits should be assigned in DCI for this purpose.
Proposal 12: One NDI per bundle is indicated in DCI.
[bookmark: _GoBack]Based on the HARQ-ACK bundling scheme, the UE will send an ACK corresponding to a bundle transmission if all TBs in the bundle are decoded successfully. Thus, in case of failed decoding of a bundle, the whole bundle will be retransmitted. Therefore, in the subsequent downlink transmission, eNB only needs to inform the UE which bundle in the previous transmission will be retransmitted. For this purpose, there should be an NDI bit per bundle in DCI as we have already proposed.
In addition, the HARQ process number of each TB in each bundle should be known to the UE. However, this has been taken care of as we already proposed to have a mapping between the TB indices in the bundling configurations and the HARQ process numbers. This mapping remains the same during the time that HARQ-ACK bundling is active. Therefore, if the UE knows which bundling configuration is scheduled, the HARQ process numbers corresponding to TBs in each bundle are known to the UE as well. And this information will be transmitted to the UE in DCI as proposed in Proposal 5. Therefore, the proposed scheme in this contribution can provide the full functionality of retransmission protocol, in case a single DCI is used for scheduling of all bundles in a downlink transmission cycle before switching back to uplink.
Other remaining issues
Supporting repetition for PUCCH
PUCCH repetition can increase the coverage and reliability of HARQ-ACK feedback in uplink. Therefore, in case there is no significant additional standardization effort, PUCCH repetition can be supported for HARQ-ACK bundling.
Proposal 13: PUCCH repetition is supported for HARQ-ACK bundling if it does not require significant additional standardization effort.
Supporting HARQ-ACK bundling for FD-FDD
As we mentioned previously, using a single DCI to schedule HARQ-ACK bundling can increase the data rate and reliability of MPDCCH and PDSCH. If it is agreed that in case of HARQ-ACK bundling, a single DCI schedules all the bundles for HD-FDD mode, then it is advantageous to support HARQ-ACK bundling also for FD-FDD in CE mode A.
Proposal 14: HARQ-ACK bundling is supported in CE mode A in FD-FDD.
Conclusion
We have the following proposals:
Proposal 1: A single MPDCCH is used to schedule multiple PDSCH TB bundles in a downlink transmission cycle before switching to UL.
Proposal 2: The maximum MPDCCH channel bandwidth (6 PRBs for Cat-M1) can be used for MPDCCH transmission during HARQ-ACK bundling operation.
Proposal 3: The maximum PDSCH channel bandwidth (6 PRBs for Cat-M1) can be used for PDSCH transmission during HARQ-ACK bundling operation.
Proposal 4: Activation/deactivation of HARQ-ACK bundling for HD-FDD is indicated to the UE dynamically using a flag bit in the DCI.
Proposal 5: For HARQ-ACK bundling, a set of bundling configurations is predefined. One of the configurations in the set is scheduled in each downlink transmission cycle before switching back to uplink.
· Each configuration consists of number of bundles and sizes of the bundles. 
· The configurations can be defined as follows:
· The first configuration contains the largest number of TBs that can be scheduled in one cycle (i.e. maximum number of HARQ processes that could be scheduled), which are grouped into different bundles.
· All other configurations are obtained by selecting different combinations of bundles from the first configuration.
· An index corresponding to each configuration will be sent to the UE in DCI.
· Max 3 bits in DCI are required to inform the UE which configuration is scheduled.
Proposal 6: When HARQ-ACK bundling is activated, the fields for “number of PDSCH repetitions” and “number of MPDCCH repetitions” are used to indicate the predefined bundling configurations.
Proposal 7: In case of downlink HARQ-ACK bundling, the UE continues to receive in downlink unless uplink transmission is scheduled.
Proposal 8: The HARQ-ACK corresponding to each bundle is transmitted at least 4 ms after the last PDSCH in the bundle. 
Proposal 9: The HARQ-ACK response corresponding to each bundle is transmitted in first available uplink subframe, at least 4 ms after the last PDSCH in the bundle is transmitted, furthermore
· The HARQ-ACK response for all bundles that are transmitted in a downlink transmission cycle before switching back to uplink, are sent after all bundles are received in downlink.
· The UE only transmits one HARQ-ACK response in each uplink subframe.
· The HARQ-ACK response of different bundles is sent in the same order as the bundles are received.
Proposal 10: The UE clears all its buffers which are already used for storing the received transport blocks, before activating the HARQ-ACK bundling.
Proposal 11: The HARQ process numbers are assigned to all TBs in the configurations as follows:
· The assignment is done in relation to the bundling configuration which has maximum number of TBs among all predefined bundling configurations.
· The HARQ process numbers are assigned to TBs in the order of the TB indices in this maximum bundling configuration.
· This assignment will remain the same for the duration of time when HARQ-ACK bundling is being activated.
· The HARQ process number of all other bundling configurations are assigned according to the maximum bundling configuration.
Proposal 12: One NDI per bundle is indicated in DCI.
Proposal 13: PUCCH repetition is supported for HARQ-ACK bundling if it does not require significant additional standardization effort.
Proposal 14: HARQ-ACK bundling is supported in CE mode A in FD-FDD.
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