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1 Introduction

The long PUCCH transmission and structure for more than 2 bits is fundamentally complete but a few residual aspects remain as identified by the following FFS issues.

Agreements:

· Support Pre-DFT-OCC as the UCI structure for long PUCCH for UCI of more than 2 bits with moderate payload 

· FFS:  DMRS structure between CDM and IFDM

· Considering the impact on channel estimation and power imbalance among UEs

· It will be denoted as a new format 

· Support multiplexing capacity of 2 and 4 users for long PUCCH for UCI of more than 2 bits with moderate payload using one PRB in Rel-15

· FFS design of OCC

· No RRC signaling is necessary 

Another issue is the resource selection for PUCCH format 3 as a function of the number of available symbols for UCI transmission and the UCI payload, that is, as a function of the code rate. General aspects for resource configuration are considered in [1] while resource adaptation for PUCCH format 3 is further discussed in this contribution.   
Finally, another issue is the potential PUCCH format switching according to the UCI payload.

2 Long PUCCH Format for more than 2 bits
DMRS and OCC for PUCCH format 4

A long PUCCH format using pre-DFT OCC to multiplex UEs in a same PRB (i.e. PUCCH format 4) aims to avoid introducing a length-6 DFT (or a length-3 DFT) and avoid introducing length-6 or length-3 DMRS sequences. Therefore, the DMRS should span the entire RB and UE multiplexing is based on CDM (use of different cyclic shifts for different OCCs). The cyclic shifts and the mapping to OCCs can be predetermined – e.g. CS {0, 3, 6, 9} or CS {0, 6, 3, 9} for length-4 OCC index {0, 1, 2, 3} or CS {0, 6} for length-2 OCC index {0, 1}. For multiplexing of up to 2 UEs, and denoting {1 1 1 1 1 1} as A, the OCCs are the length-2 WH OCCs with unit A, i.e. {A A} and {A -A}. For multiplexing of up to 4 UEs and denoting {1 1 1} as A, the OCCs are the length-4 WH OCCs with unit A, i.e. {A A A A}, {A -A A -A}, {A A -A -A}, and {A -A -A A}. A CS can be trivially associated with an OCC by specification.   
Proposal 1: For PUCCH format 4, DMRS is transmitted over the RB using a length-12 sequence. A 1-to-1 mapping between OCC index and CS index is specified for length-2 OCC and length-4 OCC. 

Determination of  PUCCH format 3 resources
Configuration of code rates per PUCCH format was agreed for HARQ-ACK/SR and CSI multiplexing. This allows HARQ-ACK/SR and CSI to be multiplexed without compromising the BLER of the resulting codeword by controlling the maximum amount of CSI to be multiplexed in giver time-frequency resources through the configured code rate. When the maximum code rate is exceeded, CSI is dropped according to some predefined priorities. 
It has been suggested to consider extending the above functionality to the case of HARQ-ACK/SR multiplexing without CSI multiplexing. A need for such an extension is not clear as HARQ-ACK resource indication is dynamic (except for HARQ-ACK associated with SPS/grant-free PDSCH). This essentially allows the gNB to dynamically set a code rate by indicating PUCCH format 3 resources for a corresponding HARQ-ACK/SR payload. The only difference from LTE is that, in addition to the frequency domain resources (RBs), the time-domain resources need to be indicated to primarily account for a dynamic number of multiple symbols that may be used for PUCCH format 0/2 or SRS transmissions (it has been agreed that a PUCCH resource for a given PUCCH format is represented by a set of resources that include time resources and frequency resources). However, a fine symbol-level granularity is not needed for the time domain resources (both from a signaling overhead perspective and a functionality perspective) and it is sufficient for the gNB to configure, for example, for two ranges of symbol numbers, such as 4-7 and 8-14 (this is transparent to specification – only used for estimating a number of bits required for the PUCCH resource allocation field in the DCI format). Then, for the same resource indication flexibility as in LTE, the only additional impact is the inclusion of 1 additional bit in the DCI format indicating PUCCH resources (e.g. from 2 bits to 3 bits). 

For example, for a PUCCH format 3 transmission, a gNB can configure {2, 4, 8, 16} RBs together with a number of symbols between 4 and 7 and configure {1, 2, 4, 8} RBs together with a number of symbols between 8 and 14 in order to reduce a probability of PUCCH resource collisions among UEs, reduce bandwidth fragmentation, and avoid using unnecessarily large resources. For 1 additional bit, multiple RB resources can be configured for a same number of RBs – e.g. {2, 2, 4, 4, 8, 8, 16, 16} together with a number of symbols between 4 and 7 and {1, 1, 2, 2, 4, 4, 8, 8} RBs together with a number of symbols between 8 and 14. Therefore, PUCCH resource can be explicitly indicated to achieve a desired code rate for HARQ-ACK transmission with the same flexibility as in LTE by increasing the number of the DCI field for PUCCH resource allocation from 2 to 3 bits. Better flexibility than LTE can be achieved by using 4 bits.   
To avoid increasing DCI overhead, at least two alternatives were discussed. The first alternative is to (a) configure one set of resources, (b) the DCI format to indicate a resource index from the configured set of resources, and (c) the UE to autonomously expand the frequency domain resources (RBs) until a code rate for the HARQ-ACK/SR transmission that is smaller than the configured code rate is achieved. 

The second alternative is to (a) configure multiple sets of RBs for a given range of symbols, (b) the DCI format to indicate a resource index, and (c) the UE to determine the set of RBs as the one for which the resource index results to a largest code rate that is smaller than the configured code rate. 
Whether any of the above two alternatives is meaningful needs to be considered in conjunction with the DCI payload increase from indicating a larger number of resources in NR than in LTE (e.g. increasing a respective DCI field by 1 bit or 2 bits) as the latter does not have any specification impact. 

Observation 1: A desired code rate for HARQ-ACK transmission in PUCCH format 3 can be achieved by eNB implementation. gNB flexibility in selecting PUCCH resources and avoiding collisions among UEs can be achieved by a modest increase in the number of bits, relative to LTE, in a PUCCH resource allocation DCI field. 

PUCCH format switching
LTE can support PUCCH format switching based on the HARQ-ACK payload but also allows overlap of HARQ-ACK payloads between PUCCH formats. For example, a UE can dynamically determine that a PUCCH resource is for LTE PUCCH format 3 when the HARQ-ACK payload is smaller than or equal to 22 bits and determine that a PUCCH resource is for LTE PUCCH format 4 when the HARQ-ACK payload is larger than 22 bits. The only benefit of PUCCH format switching is for reducing PUCCH overhead, when possible/realistic. It is noted that PUCCH format 1a/1b (“fallback” PUCCH format) is always used when the UE detects PDCCH only on the PCell (with respective modifications in TDD). 
In many scenarios of relative importance, such as for small cell operation or for above 6 GHz operation, there is only one UE typically scheduled per slot and PUCCH format switching in order to reduce PUCCH overhead is not meaningful (despite the adjustable HARQ-ACK timing that may coordinate PUCCH transmissions from a few UEs in a same slot at the expense of increased latency). Further, depending on the HARQ-ACK codebook design, PUCCH format switching may be subject to error cases that will necessitate blind decoding at the gNB to resolve (at least when CRC protection exists as DTX detection can be problematic when the number of RS is small). 

Further, considering for example switching between PUCCH format 3 and PUCCH format 4, such switching can be expected to be applicable only with CA operation (even with CBG-based and ‘bundling window’-based HARQ-ACK feedback, PUCCH format 4 can be typically sufficient when both PUCCH format 3 and PUCCH format 4 are configured/supported). Then, for CA operation, overhead reduction saving between using PUCCH format 3 over 1 RB and using PUCCH format 4 are {0, 1, 1, 2, 2} RBs when {1, 2, 3, 4, 5} UEs are scheduled. Given the small number of UEs that are typically scheduled per ‘bundling window’ with DL CA operation and the relatively large BW sizes expected in NR CA, the overhead savings are marginal and should be compared against the required UE implementation/testing complexity and the specification impact (particularly for Phase 1). Further, if a UE requires fallback operation for a PUCCH transmission, this can be provided by the fallback DCI format, similar to LTE, especially considering that a UE is typically coverage limited for PDCCH and not for PUCCH conveying a few (e.g. 1) HARQ-ACK bits. 
Proposal 2: If dynamic PUCCH format switching is supported in Phase 1, it is by network configuration.
Proposal 3: If dynamic PUCCH format switching is supported, it is a UE capability.

3 Conclusions

This contribution considered remaining aspects for the long PUCCH format for UCI payloads of more than 2 bits and proposes the following. 

Proposal 1: The default structure for PUCCH format 3 is with 2 DMRS symbols. An additional structure with 4 DMRS symbols (2 DMRS symbols per frequency-hop) can be configured by the gNB.  

Proposal 2: For transmission of PUCCH format 3 over 
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Proposal 3: If additional mechanisms are introduced for transmitting ‘moderate’ UCI payloads, they are based on PUCCH format 3 using FDM in a PRB. 

In addition, the following observation is made.

Observation 1: A desired code rate for HARQ-ACK transmission in PUCCH format 3 can be achieved by eNB implementation. gNB flexibility in selecting PUCCH resources and avoiding collisions among UEs can be achieved by a modest increase in the number of bits, relative to LTE, in a PUCCH resource allocation DCI field. 
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