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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 objective of the Rel-14 WI on Further Enhanced MTC [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
In this contribution we discuss HARQ-ACK bundling for HD-FDD BL/CE UEs in CE mode A.	
DL HARQ operation for Rel-13 BL/CE UEs
For Rel-13 BL/CE UEs, when PDSCH is scheduled by MPDCCH, the first PDSCH subframe is transmitted 2 subframes later than the last MPDCCH subframe. Furthermore, in FDD operation, the UE needs to transmit one PUCCH transmission with HARQ-ACK feedback information for every PDSCH transmission, and the PUCCH transmission starts 4 subframes after the PDSCH transmission.
In HD-FDD operation, every required UL subframe transmission means that the UE has less opportunity for DL data subframe transmissions since the UE cannot transmit and receive at the same time. Also, for Rel-13 BL/CE UEs it is specified that a guard subframe is inserted at every DL-to-UL or UL-to-DL switching point. This means that even less subframes are available for DL or UL transmission than would otherwise be the case.
Figure 1 shows a scheduling example that achieves maximum DL data rate for a HD-FDD Cat-M1 UE of Rel-13. As can be seen, only 3 out of 10 subframes contain actual PDSCH data transmission. Since each subframe is 1 ms long and the maximum TBS for Cat-M1 is 1000 bit, this results in a DL peak rate of 300 kbps. 
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Figure 1: Scheduling achieving maximum DL data rate for Rel-13 HD-FDD Cat-M1 UE

Configuration and activation of HARQ-ACK bundling
With HARQ-ACK bundling, each ACK represents successful decoding of multiple consecutive PDSCH TBs instead of a single PSDCH TB, whereas a NACK means that at least one of the PDSCH TBs was not successfully received (“XOR of NACKs”). If eNB receives a NACK, it will typically need to retransmit all the PDSCH TBs since eNB does not know which one(s) that actually needs to be retransmitted. So HARQ-ACK bundling would typically be used when the error probabilities are low, i.e. in good coverage, where no repetitions are needed.
Proposal 1: The HARQ-ACK bundling operation is optimized for the non-repetition case.
HARQ-ACK bundling for TDD is already specified and it is based on a fixed UL-DL subframe configuration. A HARQ-ACK scheme for HD-FDD that would be associated with a similar fixed or semi-static UL-DL subframe configuration would introduce restrictions in the scheduling. This may reduce the overall resource efficiency compared to a scheme where the configuration and allocation of subframes between UL and DL is dynamic (i.e. DCI-controlled rather than RRC-controlled). We would like to keep the principle for HD-FDD operation in LTE that the UE keeps receiving in the DL unless it is ordered to transmit in UL rather than to introduce some fixed TDD pattern in HD-FDD.
Observation 1: It is not desired to introduce a fixed UL-DL subframe configuration in HD-FDD.
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 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 2: Activation/deactivation of HARQ-ACK bundling for HD-FDD is indicated to the UE dynamically using a flag bit in the DCI.
When HARQ-ACK bundling is activated (using the mentioned flag bit in the DCI), assuming that we don’t need to support PDSCH repetition and HARQ-ACK bundling simultaneously, the DCI field that normally indicates the number of PDSCH repetitions can instead indicate the number of bundled PDSCH TBs.
Proposal 3: When HARQ-ACK bundling is activated, the field for “number of PDSCH repetitions” is used to indicate the number of bundled PDSCH TBs.
HARQ-ACK bundling scheduling for HD-FDD
In Rel-13, each unicast PDSCH transmission to a BL/CE UE is scheduled by an associated MPDCCH transmission. Figure 2 illustrates a HARQ-ACK bundling scheme based on the same principle. Each PDSCH TB has an MPDCCH but the HARQ-ACK feedback for all the PDSCH TBs is a single ACK/NACK bit which is set to ACK if all PSDCH TBs have been successfully decoded, otherwise NACK.
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Figure 2: 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 2 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.
· 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 a bundle. The HARQ-ACK feedback is a single ACK/NACK bit for the whole bundle. This approach eliminates the possibility of misalignment between UE and eNB due to the unsuccessful reception of one or more MPDCCHs that are used for scheduling of each PDSCH TB in the bundle. 
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. However, if just 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 in order to increase the DL throughput for the same user or other users in the cell.
Proposal 4:  A single MPDCCH is used to schedule all PDSCH TBs associated with a HARQ-ACK bundle.
Figure 3 shows 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. Both in Figure 2 and Figure 3 it can be seen that the resulting fraction of subframes that can be used for PDSCH data transmission is increased to 8/15 using HARQ bundling, which is a clear improvement compared to the fraction 3/10 in Figure 1.
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Figure 3: Scheduling achieving maximum DL data rate for HD-FDD Cat-M1 UE using HARQ-ACK bundling with a single MPDCCH transmission scheduling multiple PDSCH transmissions

Since 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 5: The maximum MPDCCH channel bandwidth (6 PRBs for Cat-M1) can be used for MPDCCH transmission during HARQ-ACK bundling operation.
Proposal 6: The maximum PDSCH channel bandwidth (6 PRBs for Cat-M1) can be used for PDSCH transmission during HARQ-ACK bundling operation.
Conclusion
In this contribution we discuss HARQ-ACK bundling for HD-FDD BL/CE UEs in CE mode A. We have the following observation and proposals.
Observation 1: It is not desired to introduce a fixed UL-DL subframe configuration in HD-FDD.
Proposal 1: The HARQ-ACK bundling operation is optimized for the non-repetition case.
Proposal 2: Activation/deactivation of HARQ-ACK bundling for HD-FDD is indicated to the UE dynamically using a flag bit in the DCI.
Proposal 3: When HARQ-ACK bundling is activated, the field for “number of PDSCH repetitions” is used to indicate the number of bundled PDSCH TBs.
Proposal 4:  A single MPDCCH is used to schedule all PDSCH TBs associated with a HARQ-ACK bundle.
Proposal 5: The maximum MPDCCH channel bandwidth (6 PRBs for Cat-M1) can be used for MPDCCH transmission during HARQ-ACK bundling operation.
Proposal 6: The maximum PDSCH channel bandwidth (6 PRBs for Cat-M1) can be used for PDSCH transmission during HARQ-ACK bundling operation.
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