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1 Introduction

At the RAN1 #80bis meeting, RAN1 made the following agreements regarding PUCCH support for Low Complexity (LC) MTC UEs with reduced bandwidth support and UEs in enhanced coverage [1]:
· For low complexity  MTC UEs in normal coverage, at least when PUCCH resource is configured, 

· ACK/NACK and SR over PUCCH is supported.

· Periodic CSI feedback over PUCCH is supported

· FFS on details
· For UEs operating in enhanced coverage, at least when PUCCH resource is configured, 

· HARQ-ACK and SR over PUCCH is supported

· FFS: Whether ACK only is transmitted or NACK only is transmitted or both ACK/NACK are transmitted
· For Rel-13 low complexity MTC UEs,

· For PUCCH structure, 

· FFS: Slot-based frequency hopping within a narrow band

· FFS: How to derive PUCCH resource
· FFS: Configuration of additional PUCCH frequency resources is not mandatory for support of LC/CE UEs in a cell

· FFS on the details

· For UEs operating in enhanced coverage, 

· Repetition of PUCCH across multiple subframes is supported

· Frequency hopping is supported for PUCCH repetition

· FFS on specific hopping pattern

· FFS on configurability of frequency hopping

In this contribution, we share our views on PUCCH enhancements for MTC devices with reduced bandwidth and MTC UEs enhanced coverage in LTE systems.
2 PUCCH structure for reduced bandwidth support
Various options for possible PUCCH structures have been proposed for LTC MTC UEs with reduced BW support. 
Option 1: 

One of the simplest options is to define the MTC PUCCH at the edge of allocated MTC uplink resource. It can be realized by either explicit resource allocation or by UE-specific N(1)PUCCH. Further, the existing PUCCH physical structure with intra-subframe hopping can be directly applied. The advantage of this PUCCH structure is that the existing PUCCH mechanism can be directly used for MTC PUCCH simplifying specification and implementation efforts. A drawback of this approach is that this may cause resource fragmentation for PUSCH scheduling for other UEs, unless the MTC PUSCH narrowbands are located adjacent to the legacy PUCCH resources. Additionally, it may not possible to harvest any reasonable frequency diversity gains if the PUCCH frequency hopping is limited to within a 6-PRB bandwidth. Note that CDM-based physical resource sharing between legacy and MTC PUCCH would not be possible.
Option 2:
Another option [3] is to spread the MTC PUCCH transmission over two UL subframes such that the LC MTC UE transmits only in slot 0 (or slot 1) of two consecutive UL subframes on different PRBs that are located across the system BW and adjacent to the legacy PUCCH resources. Here, it is assumed that the LC MTC UE performs frequency retuning within a time-period of 0.5 ms. Although this approach can achieve the frequency diversity gains for each MTC PUCCH transmission similar to legacy PUCCH, the transmission itself now spans at least two subframes (2ms) in FDD deployments. For TDD deployments, supporting such a structure can be quite challenging considering the availability of UL subframes in different TDD configurations. Although CDM-based physical resource sharing between legacy and MTC PUCCH may be possible in theory (due to slot-based CDM for PUCCH), separation of MTC PUCCH resources from legacy PUCCH resources would be needed in practice to avoid resource collisions at least for PUCCH formats 1a/1b due to the conflicts between the implicitly determined PUCCH resources based on respective DL control channel starting (E)CCE for legacy and LC MTC UEs. 

In summary, this structure for MTC PUCCH would lead to significant specification effort, not only regarding MTC PUCCH physical structure and resource allocation, but also regarding timing relationships between HARQ-ACK and retransmissions at least for TDD deployments. Further, it may not be possible share the same physical resources between legacy and MTC PUCCH using CDM.   
Option 3:
This alternative is a variation of Option 2 with the difference being that the LC MTC UE only transmits in a single slot within a subframe on a single frequency location for MTC PUCCH [4]. Hence, it may be possible to share the physical resources between legacy PUCCH and MTC PUCCH in a straight-forward manner. However, this option can be expected to provide a very poor link-budget for MTC PUCCH. First, the effective code rate of the encoding HARQ-ACK/SR information is increased by a factor of two compared to legacy PUCCH. Additionally, there is no benefit from frequency diversity not from improved channel estimation averaging (available with Option 4 below).  
Option 4:
Yet another option is to allocate MTC PUCCH resources adjacent to the legacy PUCCH resources with intra-subframe frequency hopping disabled ([2], [5]) in view of a long UE retuning time. Frequency hopping at the edge of the system BW (similar to legacy PUCCH) can be supported at the subframe boundaries in case of repeated transmissions of MTC PUCCH in enhanced coverage. While this option can benefit in terms of channel estimation quality by allowing channel estimation averaging within both slots of the subframe, the gains from better channel estimation can be expected to be quite limited when in normal coverage. Additionally, for operation in normal coverage, frequency diversity gains cannot be realized. This may be a cause for concern considering operation at 1% BLER for MTC PUCCH and the possibility of the MTC PUCCH PRB being in a deep fade. 
Option 5:

All of the above options are based on the fundamental assumption that it would take at least 0.5ms to 1ms for a LC MTC UE to retune its RF and baseband to a different narrowband within the UL system BW. However, as elaborated in [6], [7], considering that the narrowband retuning is within the same frequency band spanning a maximum of 20 MHz, a long retuning time of 500us or 1ms is not warranted. In fact, a single symbol (~67us) is sufficient for the UE to retune its carrier frequency and achieve PLL settling as per the current RAN4 requirements for both UL and the DL.

A symbol-length UE retuning time can facilitate an MTC PUCCH structure that can be adapted easily from existing specifications and at the same time, provide most of the benefits of the legacy PUCCH structure in terms of performance. Accordingly, per Option 5, resources can be reserved for MTC PUCCH transmissions near the legacy PUCCH resources, and LC MTC UEs can transmit using the shortened PUCCH format (with the last symbol punctured) in slot 0, use the last symbol of slot 0 to retune to the other edge of the system BW, and transmit regular PUCCH in slot 1 of an UL subframe. In normal coverage, such an MTC PUCCH structure can harvest frequency diversity gains and essentially provide very similar performance as legacy PUCCH. For repeated transmissions in enhanced coverage, cross-subframe channel estimation can be facilitated at the eNodeB as long as the UE transmits on the same PRBs in the subsequent repetitions of the MTC PUCCH as in the first subframe. With this structure, subframe-level frequency hopping may not even be necessary for MTC PUCCH transmission in enhanced coverage. Although CDM-based sharing with legacy PUCCH resources would still not be possible with this option, PUCCH resource allocation and timing relationships can follow existing specifications. Note that except for Option 3, which suffers significantly from a performance perspective, CDM-based sharing of resources between legacy and MTC PUCCH is not practically feasible for all the other options. For instance, UE-specific PUCCH starting offset N(1) PUCCH and ARO for EPDCCH-based PUCCH resource allocation can be utilized to separate the PUCCH transmissions from Rel-13 LC MTC UEs with reduced BW support and legacy UEs.
At least, with PUCCH structure following Option 5, it can be possible to have a solution that can reuse most of existing PUCCH design, resource allocation, and timing relationships, while providing almost the same performance as legacy PUCCH.
Observation 1

· All the options for MTC PUCCH structure assuming a long UE-retuning time fail to optimize the performance --specification impact -- resource efficiency tradeoff.

· A short UE-retuning time of 1 symbol can be feasible for LC MTC UEs and this can facilitate a much more efficient MTC PUCCH structure.

Proposal 1

· An MTC PUCCH design based on shortened PUCCH in the first slot and UE retuning within the last symbol of the first slot in a subframe should be considered.

3 Discussion on Coverage Enhancement for PUCCH
In this section, we focus on coverage enhancement for PUCCH.
Based on the simulation results in [3], the number of PUCCH repetitions for HARQ ACK/NACK transmission can be reduced when cross-subframe channel estimation is applied. Note that in order to facilitate the cross-subframe channel estimation, the PUCCH resources during the repetitions need to be located in the same PRBs across the different subframes in order to allow inter-subframe interpolation for channel estimation improvement. This can be realized by utilizing the same PUCCH resources for ACK/NACK during the repetition. 

Further, PUCCH resource allocation for ACK/NACK can be performed either in an implicit or an explicit manner. Similar to the existing LTE specification, the allocated PUCCH resource for repetition can be determined by the lowest (E)CCE index for scheduling (E)PDCCH. Note that this may result in a collision on PUCCH transmissions in the same subframes between MTC UEs in normal and enhanced coverage modes. Further, collisions can also happen between MTC UEs with different enhanced coverage levels. Thus, considering the discussion in the previous Section on PUCCH for MTC UEs with reduced BW support, it would be, in fact, beneficial from a performance perspective, to separate the PUCCH time-frequency resources for MTC UEs with reduced BW support in normal coverage, MTC UEs in enhanced coverage (EC) on a per- EC level basis, and other UEs in normal coverage.

In our view, this issue can be solved by eNB implementation especially with the UE-specific PUCCH starting offset N(1) PUCCH for PDCCH-based PUCCH resource allocation, or with UE-specific PUCCH starting offset N(1) PUCCH and ARO for EPDCCH-based PUCCH resource allocation. 
An alternative solution is to configure independent set of PUCCH resources for MTC devices, which would lead to inefficient PUCCH resource utilization.

Proposal 2
· The same PUCCH resources for ACK/NACK are employed during the repetitions to allow cross-subframe channel estimation.

Proposal 3
· Separate PUCCH time-frequency resources should be allocated for MTC UEs with reduced BW support in normal coverage, MTC UEs in enhanced coverage (EC) on a per- EC level basis, and other UEs in normal coverage.

The existing UE-specific signalling for SR periodicity and subframe offset configuration can be reused for SR repetition. Note that the configured SR resource in the time domain can be interpreted as the potential starting subframe for SR repetition. In general, two options may be considered for the SR repetitions. In the first option, SR transmission is repeated at all available UL subframes starting from the configured SR resource. This would benefit from cross-subframe channel estimation to improve the detection while the corresponding PUCCH resource needs to be reserved for the UE in all UL subframes. An alternative option is to repeat the SR transmission only at the subframes configured for SR according to SR resource configuration. Considering delay tolerant MTC traffic, this option may be beneficial in terms of SR resource reservation as SR resources can be allocated for other UEs in different subframes and consequently, it is easier for a network to handle the multiple UE resources. Thus, it would be preferable that SR transmission is repeated only at the subframes configured for SR.

Proposal 4
· SR transmission is repeated only at the subframes configured for SR.
4 Conclusion

In this contribution, we provided our views on the MTC PUCCH structure for LC MTC UEs with narrowband support and on coverage enhancements for PUCCH for MTC. Based on the discussion presented, we summarize our views through the following observation and proposals:
Observation 1

· All the options for MTC PUCCH structure assuming a long UE-retuning time fail to optimize the performance --specification impact -- resource efficiency tradeoff.

· A short UE-retuning time of 1 symbol can be feasible for LC MTC UEs and this can facilitate a much more efficient MTC PUCCH structure.

Proposal 1

· An MTC PUCCH design based on shortened PUCCH in the first slot and UE retuning within the last symbol of the first slot in a subframe should be considered.

Proposal 2

· The same PUCCH resources for ACK/NACK are employed during the repetitions to allow cross-subframe channel estimation.

Proposal 3

· Separate PUCCH time-frequency resources should be allocated for MTC UEs with reduced BW support in normal coverage, MTC UEs in enhanced coverage (EC) on a per- EC level basis, and other UEs in normal coverage.

Proposal 4

· SR transmission is repeated only at the subframes configured for SR.
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