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In the RAN1#81 meeting, the following agreement was made:
· The maximum HARQ-ACK codebook size in the uplink by one UE in one subframe for DL CA of up to 32 CCs is at least 128 bits
· In case of FDD PUCCH cell, the maximum HARQ-ACK codebook size is 64 bits
Transmission of 128 or more HARQ-ACK bits will require a new PUCCH format which utilizes multiple Physical Resource Block (PRB) pairs, which is discussed in [1]. In this contribution, we consider aspects of PUCCH resource allocation. The key points are that for large PUCCH payloads and efficient resource utilization, the following features for PUCCH resource allocation should be considered further:
· Allocation of multiple frequency contiguous PRB pairs within a slot in order to accommodate large UCI payloads.
· Adaptation of the number of PRB pairs in order to accommodate varying UCI payloads.
· Adaptation of the locations of the PRB pairs in order to improve PUCCH resource utilization.
PUCCH resource allocation
Requirements on a new PUCCH format
The maximum HARQ-ACK payload is at least 128 bits and could potentially be up to 319 bits [2]. Large payloads may also be encountered if the potential new PUCCH format can be used for periodic CSI feedback [3], in case transmission of periodic CSI reports from multiple serving cells per reporting instance will be supported. Therefore, the following characteristics should be taken into account when allocating the resources. A new PUCCH format:
· Has significantly larger maximum payload than existing PUCCH formats.
· May contain HARQ-ACK feedback.
· May contain periodic CSI (possibly from multiple serving cells).
· May contain HARQ-ACK feedback and periodic CSI (possibly from multiple serving cells).
Impact on PUCCH resource allocation
Amount of PUCCH resources
In [1], we show that large UCI payloads can be accommodated by extending PUCCH format 3 to multiple PRB pairs or by using a PUSCH-based PUCCH format. The former can be multiplexed with PUCCH format 3, while the latter will require a new set of PUCCH resources. In order to keep the SC-FDMA waveform, the location of the PRB pairs should be contiguous in frequency within a slot to allow using DFT precoding for achieving low PAPR/CM. If a new PUCCH format could utilize multiple PRB pairs within a slot, it could be considered to allocate them either contiguously (Fig. 1 left) or non-contiguously (Fig. 1 right) between the slots. In the first case, resource multiplexing with legacy PUCCH formats is simpler since 1 PRB pair is occupying 1 PUCCH region. In the second case, 1 PRB pair is allocated over 2 PUCCH regions, which may be more suitable for a PUSCH-based PUCCH format, where multiplexing with non-frequency hopping PUSCH is possible. 



Figure 1. Examples of PUCCH resource allocation using 3 PRBs per slot and non-contiguous allocation between slots (left) and contiguous allocation between slots (right). 
[bookmark: _Ref129681832]Low code rates can be obtained by allocating multiple PRB pairs. Therefore, large UCI payloads are not necessarily problematic. However, it is not efficient to always allocate a fixed (i.e., the maximum) number of PRB pairs for all kinds of different UCI payloads. Consequently, since the number of UCI feedback bits could vary among subframes, it should be considered to allow the eNodeB to adapt the number of allocated PRB pairs accordingly. It is not desirable to specify many PUCCH formats of completely different structure, as that complicates the PUCCH resource utilization. Thus it will suffice to specify one or two new PUCCH formats (e.g., one based on PUCCH format 3 and one based on PUSCH), for which the number of allocated PRB pairs is variable[footnoteRef:1].  [1:  It is mostly a semantic question whether a same PUCCH format structure with different number of PRB pairs should be regarded as multiple PUCCH formats or a single PUCCH format with a variable PRB pair allocation. Here, we assume the latter interpretation.] 

Usage of PUCCH resources
An efficient eNodeB would typically schedule a UE on as few DL carriers as possible while maximizing the number of scheduled PRBs on each carrier. Therefore, in Rel-10 the HARQ-ACK feedback mechanisms for carrier aggregation were not optimized assuming a large number of UEs being simultaneously scheduled on multiple serving cells.  This principle would apply also for Rel-13. Furthermore, assuming that the number of UEs capable of aggregating more than 5 serving cells is supposedly going to be small, this suggests that the resources for the new PUCCH format may not be used very frequently, at least not in every subframe. A new PUCCH format utilizing multiple PRBs in a slot will require allocation of more resources than current PUCCH formats, albeit with less resource utilization. The resource utilization is improved for a PUCCH format which can reuse existing PUCCH format 3 resources (e.g., a multi-PRB PUCCH format 3). Nevertheless, more PUCCH resources may need to be reserved (even though they may not be used in a given subframe) and it is crucial that the PUCCH resource allocation scheme can provide means for flexible allocation of the resources. 



Figure 2. Example of resource allocation where a new PUCCH format has a resource region of N PRB pairs which overlaps with existing PUCCH format resource regions.
Allocation of PUCCH resources
The allocation of PUCCH resources should consider two cases:
Semi-static PUCCH resource allocation
For semi-static PUCCH resource allocation, a set of higher layer configured PRB pairs is allocated. This will be needed if the new PUCCH format, e.g., supports transmitting periodic CSI reports only (for which there is no associated downlink control information (DCI) format on the PDCCH/EPDCCH which can carry explicit PUCCH resource indication[footnoteRef:2]). The eNodeB may prefer to let the higher layer configured PUCCH resources for periodic CSI be located close to the carrier edges (similar to PUCCH format 2/2a/2b). However, it is inefficient to rely on semi-static PUCCH resource allocation for UCI consisting of HARQ-ACK, since the amount of configured PUCCH resources would correspond to the maximum payload and cannot be adapted dynamically. [2: This applies to PUCCH format 2/2a/2b, whereas currently PUCCH format 3 is using dynamically indicated PUCCH resources. ] 

Dynamic PUCCH resource allocation
For dynamic PUCCH resource allocation, a set of PRBs are allocated using explicit information in an associated DCI format. This allows adapting the number of allocated PRB pairs as well as their locations to the PUCCH payload. Furthermore, a dynamic resource allocation may assure that semi-static PUCCH resources (reserved for when UCI consists of CSI only) could be reused when the UCI consists of HARQ-ACK feedback and no CSI, or HARQ-ACK feedback and CSI.   

It is inefficient to allocate disjoint PUCCH resources for the new PUCCH format, since they may be used infrequently. It would be beneficial to be able to define PRB pairs which could overlap with the PUCCH resources for the existing PUCCH formats and let the eNodeB perform the allocation dynamically within these PRBs while assuring that there is no simultaneous use of PUCCH resources for the different PUCCH formats in the overlapped PRB pairs, see Fig. 2. This improves the statistical multiplexing gain of the PUCCH resources. 

Furthermore, in some cases there are performance gains of using 16-QAM instead of QPSK [3], which may impact the PUCCH resource allocation scheme, if 16-QAM on PUCCH will be supported. 

Thus, for a multiple-PRB PUCCH format, the PUCCH resource allocation scheme should be able to dynamically indicate:
· Any number of 1, 2, …, K contiguous PRBs in a slot, where K is FFS and K>1.
· The positions of the PRBs. 
· The modulation level for the PRBs, if 16-QAM is supported.

Dynamic PUCCH resource allocation in terms of signaling the positions and the number of PRB pairs were discussed in [4][5][6]. Two methods for dynamic PUCCH resource allocation could be considered:
Explicit PUCCH resource allocation by means of TPC bits in the SCell DCI

For PUCCH format 3, PUCCH resources are allocated from the higher layer configured resource index () which is dynamically indicated by transmit power control (TPC) bits in the DCI on the SCell. From this index, the UE is able to determine the orthogonal cover code and the PRB pair used for transmission. PUCCH resources for a new format could be allocated using similar mechanism, wherein it should also be possible to deduce information about the number of allocated PRBs and their positions from the resource index. 
Explicit PUCCH resource allocation by means of an UL resource allocation field in the DCI
A fully flexible PUCCH resource allocation could be obtained by defining a resource allocation field in the DCI (similar as for the UL grants). With the constraint that only frequency contiguous PRB pairs could be allocated in a slot, a resource allocation field would require  bits, where N corresponds to the maximum number of PRBs over which the PUCCH allocation is defined.
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Conclusions
A multiple-PRB PUCCH format will be able to provide for increased UCI payloads. Considering the issues of varying payloads and efficient resource utilization, it should be possible to dynamically indicate the resources (i.e., number of PRB pairs and their positions) for a new PUCCH format. For this, the following features for PUCCH resource allocation should be considered further:
Proposal 1: If a new multiple-PRB PUCCH format is defined, the PUCCH resource allocation scheme should be able to dynamically indicate:
· Any number of 1, 2, …, K contiguous PRBs in a slot, where K is FFS and K>1.
· The positions of the PRBs. 
· The modulation level for the PRBs, if 16-QAM is supported.

Proposal 2: If a new multiple-PRB PUCCH format is defined, study further how to provide the allocated PUCCH PRB pair positions and the allocated number of PRB pairs, including:
· Usage of TPC bits in the SCell DCI to indicate higher layer configured resource indices , or,
· Useage of a PUCCH resource allocation field in an associated DL DCI.
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