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1 Introduction

The long PUCCH transmission and structure were discussed in the last RAN1 ad-hoc meeting on NR and the following were agreed [1].

Agreements:
· For PUCCH in long-duration,

· Long UL-part of a slot can be used for transmission of PUCCH in long-duration.

· i.e., PUCCH in long-duration is supported for both UL-only slot and a slot with the number of uplink symbols greater than X (X >= 2).
· FFS exact value of X
· In addition to simultaneous PUCCH-PUSCH transmission, UCI on PUSCH is supported.
· Intra-slot frequency-hopping is supported

This contribution considers aspects related to the variable duration for the long PUCCH transmission.
2 Variable Transmission Duration in a Slot
Supporting long PUCCH both in UL-centric slots and in full UL slots results to a variable respective number X of slot symbols available for long PUCCH transmission. The minimum value of X (currently FFS) can in principle be 2 which, for the DFT-S-OFDM waveform, implies use of one symbol for RS transmission, use of one symbol for UCI transmission, and no frequency hopping. Even though short PUCCH is to be supported over both X=1 and X=2 symbols, long PUCCH may also be considered to be supported over X=2 symbols as short PUCCH and long PUCCH are likely to use different waveforms. However, also considering the inability of long PUCCH to support frequency hopping over X=2 symbols and that X=2 symbols is an unlikely case for long PUCCH even for an UL-centric slot with 7 symbols, a baseline for the minimum value of X for long PUCCH transmissions is X=4 symbols.  

Proposal 1: The minimum number of slot symbols for long PUCCH transmission is X=4. FFS X=2.  

Due to the variable number of symbols that can be used for DL control signaling, GP, and short PUCCH or SRS (in case of no FDM between long PUCCH and short PUCCH or SRS) and due to potentially different slot lengths, a relatively large number of possible values for X can exist within one slot, potentially including every value from X=4 up to the slot length. Whether any restrictions are needed for the supportable values of X can depend on the structure of long PUCCH formats. For example, for a long PUCCH format having a structure as LTE PUCCH Format 4 or 5, no restriction seems necessary (similar to not restricting the possible number of symbols for PUSCH transmission). However, considering support of frequency hopping, the values of X may be restricted to even numbers and additional restrictions can be FFS particularly for the larger values of X. For example, additional restrictions can be considered to minimize test cases but this does not necessarily need to be handled in RAN1 specifications.

Observation 1: There is no need to restrict the values of X at least prior to determining long PUCCH formats for NR. 

As X can vary per slot, UE multiplexing capacity per PRB based on OCCs in the time domain can also vary per slot. Although a variable OCC length in the time domain does not materially increase eNB/UE design complexity and does not correspond to different PUCCH formats (variable OCC lengths already exist in LTE such as when a last PUCCH symbol can be punctured for SRS transmission) it may complicate applicability of LTE PUCCH formats using OCC in the time domain to increase UE multiplexing capacity. 
LTE PUCCH formats 4/5 are scalable in the time domain due to the absence of OCC and the existence of only 1 DMRS per slot and respective structures can be re-used in NR. The same fundamentally applies for LTE PUCCH format 2 by modifying it to include 1 DMRS per slot (at least for X=4 and use of frequency hopping). It is also trivial to remove OCC from LTE PUCCH formats 1/1a/1b, rely only on cyclic shifts for UE multiplexing, and have a scalable structure with the pair of {1 DMRS symbol, 1 UCI symbol} as the basic unit. The OCC can also be removed from LTE PUCCH format 3 but a problem then is the absence of UE multiplexing capability. Some additional observations are as follows:

a) A NR long PUCCH format based on PUCCH format 1a/1b is most suitable for coverage limited UEs due to the increased DMRS density and the better support of DTX detection (improved HARQ-ACK BLER for DTX-to-ACK probability of 1%). For UCI payloads of 1 or 2 bits, even though there is no material difference between repetition coding and RM coding, PUCCH formats 1a/1b outperform PUCCH format 2 or PUCCH format 3 by at least 1 dB (e.g. [1]) and probably by more than 1 dB if only 1 DMRS per half-slot (as opposed to 2 DMRS per slot in LTE) is applicable for NR long PUCCH formats that may be based on PUCCH format 2 or PUCCH format 3. 
b) LTE PUCCH format 2 and PUCCH format 3 are different but largely duplicated designs for payloads below 12 bits. PUCCH format 2 offers slightly larger multiplexing capacity than PUCCH format 3 (6 UEs vs. 5 UEs or 4 UEs with SRS multiplexing) while, due the reduced code rate, PUCCH format 3 offers improved BLER (by as much as 1.5 dB to 3 dB) for UCI payloads above 5 bits (e.g. [1, 2]).  

c) LTE PUCCH format 4 and PUCCH format 5 offer somewhat duplicated designs for payloads up to about 60 bits with PUCCH format 5 being limited in the supportable payloads while offering reduced overhead.    
Based on the above, and on an objective to reduce the number of long PUCCH formats in NR relative to the LTE PUCCH formats, it is desirable to:

a) Support a long PUCCH format based on PUCCH format 1/1a/1b structures in order to maintain same coverage as in LTE and achieve material BLER gains at low SINRs. 
b) Do not support a long PUCCH format based on PUCCH format 3.  
c) Support only a long PUCCH format based on PUCCH format 4. If overhead optimization for smaller UCI payloads is desired, a scalable design (e.g. as in [3]) can be considered to trade-off available REs per UE for increased UE multiplexing capacity. 
d) Consider a long PUCCH format based on PUCCH format 2 (probably for UCI payloads below [12] bits) if it provides material BLER gains or design simplicity over a scalable long PUCCH format based on PUCCH format 4 for similar UE multiplexing capacity. 

The above can result to 2-3 long PUCCH structures that are scalable in time.   

Proposal 2: NR supports a long PUCCH format A based on LTE PUCCH format 1/1a/1b for UCI payloads of 1 bit or 2 bits.
Proposal 3: NR supports a long PUCCH format B based on LTE PUCCH Format 4 for UCI payloads above Y bits. Consider a scalable design for the long PUCCH format B. 

Proposal 4: FFS whether NR supports a long PUCCH format C based on LTE PUCCH format 2 for UCI payloads less than or equal to Y bits. FFS value of Y if long PUCCH format C is supported.
3 Multi-Slot Transmission
A PUCCH transmission over multiple slots needs to address at least the following two issues in NR:

a) Determination of a slot structure by a UE for a respective PUCCH transmission in the slot. 

b) Multiplexing with a PUSCH transmission.
For the first issue, the following can be further considered:

a) The UE assumes the same slot structure for each of the PUCCH transmissions. The slot structure is informed by the DCI format or by the higher layer signaling that configures the PUCCH transmissions. The PUCCH transmissions can be either in successive slots or in slots informed by an associated DCI format or higher layer signaling.

b) The UE is informed by higher layer signaling a configuration for slot structures over a period/number of slots (equivalent to an UL/DL configuration and a special subframe configuration in LTE).

c) The UE determines the slot structure from the UE-group common PDCCH. When the UE fails to detect the UE-group common PDCCH, the UE may not transmit PUCCH in the slot – then, the overall effect on UCI detection is expected to be minimal as it is conditioned on the UE failing to detect UE-group common PDCCH and the gNB failing to detect the PUCCH DTX and the resulting noise accumulation at the gNB causing a decoding error.    

d) Different approaches are suitable for different operating environments and network configuration can be beneficial.
However, in addition to increasing UE/gNB complexity, latency, and number of required HARQ processes, multi-slot long PUCCH transmissions are unnecessary except for power/coverage limited UEs. For the majority of UEs in a cell or for all UEs in small cells (where dynamic slot structure adaptation is also more meaningful), a much simpler solution is to dimension power and/or frequency resources instead of time resources. For example, for scheduled long PUCCH transmissions such as ones conveying HARQ-ACK, configured resources can include multiple values for PRBs (similar to PUCCH format 4 in LTE) and the gNB can indicate a resource that takes into account the number of symbols used for long PUCCH transmission in a slot. 
Proposal 5: Each resource in a set of resources that a UE is configured for long PUCCH transmissions is separately configured a size in number of sub-carriers.
In LTE, multi-subframe PUCCH transmission is supported (only for PUCCH formats 1a/1b and only for HARQ-ACK) only for coverage limited UEs as non-coverage limited UEs can achieve target BLERs in one subframe as they can transmit with sufficient power. Similar, in NR, multi-slot long PUCCH transmission can be limited to coverage-limited UEs as non-coverage limited UEs can transmit with sufficient power to achieve target BLER. LTE also allows the network to configure PUCCH format 4 transmissions over variable number of PRBs to achieve sufficiently low code rate. NR should maintain this LTE capability. This can be used in NR to also account for possible variations in the number of slot symbols available for long PUCCH transmission. Therefore, multi-slot long PUCCH transmission simply due to having shorter (usable) slot duration in NR than the subframe duration in LTE is not needed. In addition to allowing simpler dynamic adaptation of the slot structure, single-slot long PUCCH transmission also avoids operational complexities associated with having to support overlapping long PUCCH and PUSCH transmissions (from non-coverage limited UEs) with different durations and different starting slots. Then, multi-slot long PUCCH transmission can be considered only for coverage limited UEs, LTE behavior can generally apply (including limiting support to long PUCCH formats based on the PUCCH format 1a/1b structure), and further optimizations can lead to additional complexity and are not essential. For example, a UE requiring multi-slot long PUCCH transmissions for coverage is unlikely to benefit from simultaneous PUCCH and PUSCH transmissions that will introduce MPR and possible CM increase as such UEs are also likely to use DFT-S-OFDM for PUSCH transmissions. 
Observation 2: Long PUCCH transmission over multiple slots is primarily applicable to coverage limited UEs, LTE behavior can apply, and further optimizations are not essential.
4 Conclusions

This contribution considered aspects related to supporting long PUCCH transmissions with variable duration and proposes the following. 
Proposal 1: The minimum number of slot symbols for long PUCCH transmission is X=4. FFS X=2.  

Proposal 2: NR supports a long PUCCH format A based on LTE PUCCH format 1/1a/1b for UCI payloads of 1 bit or 2 bits.
Proposal 3: NR supports a long PUCCH format B based on LTE PUCCH Format 4 for UCI payloads above Y bits. Consider a scalable design for the long PUCCH format B. 

Proposal 4: FFS whether NR supports a long PUCCH format C based on LTE PUCCH format 2 for UCI payloads less than or equal to Y bits. FFS value of Y if long PUCCH format C is supported.

Proposal 5: Each resource in a set of resources that a UE is configured for long PUCCH transmissions is separately configured a size in number of sub-carriers.

In addition, the following observations are made.
Observation 1: There is no need to restrict the values of X at least prior to determining long PUCCH formats for NR. 

Observation 2: Long PUCCH transmission over multiple slots is primarily applicable to coverage limited UEs, LTE behavior can apply, and further optimizations are not essential.
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