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1 Introduction

The following were concluded in RAN1#90 and RAN1 NR Adhoc#3 on the long PUCCH transmission and structure for 1-2 UCI bits.

Agreements:
· For a long-PUCCH,
· Frequency-hopping is enabled/disabled by RRC signaling.

· FFS: if frequency-hopping is always enabled for a long-PUCCH with larger than a certain duration
Agreements:
· Frequency-hopping for a PUCCH occurs within the active UL BWP for the UE

· FFS message 4 ACK/NACK

· FFS multiple active BWP

· The active BWP refers to BWP associated with the numerology of PUCCH
Agreements:
· For long PUCCH for UCI of up to 2 bits, DM-RS is located in all the even symbols, where the symbol is indexed from the start of the long PUCCH of value 0

Conclusion:

· Study further frequency hopping boundary for long PUCCH of up to 2 bits with N symbols focusing on the following options:

· Floor (N/2) 

· Ceiling (N/2) 

· N/2-1 where mod(N,4)=2; floor(N/2) otherwise
· Floor(Ceiling (N/2)/2) × 2

· Starting symbol driven frequency hopping boundary

· Companies are encouraged to perform further evaluations and analysis, also considering alignment (if necessary) of PUCCH of different durations

Agreements:

· For long-PUCCH for UCI up to 2 bits, up to 3 OCC multiplexing capacity are supported with frequency hopping

· FFS: OCC multiplexing capacity values without frequency hopping.

· FFS: whether to have the same multiplexing capacity w/ and w/o frequency hopping for a given duration of long PUCCH.
This contribution considers remaining FFS design issues for the long PUCCH for UCI of 1-2 bits. Multi-slot transmissions are considered in a companion contribution [1].
2 Transmission Aspects for Long PUCCH with 1-2 Bits
2.1 Frequency Hopping (FH)
It has been agreed to support FH by RRC signaling and it is FFS whether FH should always be enabled when the long PUCCH duration is larger than a specified value. The only benefit from such restriction is a trivial reduction in RRC signaling. Conversely, this will restrict network operation and fail to obtain BLER gains and/or UE multiplexing capacity gains in certain scenarios. For example, when PUCCH is transmitted over a frequency non-selective channel (e.g. with beamforming or with FH over RBs of a BWP without sufficient frequency separation), or when the gNB obtains sufficient diversity through a large number of Rx antennas, or when the UE uses transmitter antenna diversity (at a later phase), it can be preferable to improve channel estimation, particularly at low SINRs, instead of obtaining additional diversity (when any) by FH. Also, PUCCH transmission without FH can minimize BW fragmentation, maximize UE multiplexing capacity, and facilitate multiplexing of PUCCH transmissions with different durations (e.g. single-slot and multi-slot) by the gNB configuring specific OCCs (including no OCC) in the set of resources. Therefore, PUCCH transmission with/out FH should be configurable without any limitation on the applicability of the configuration to or from a specified number of long PUCCH symbols. 
Observation 1: Limiting the FH configurability to or from a number of long PUCCH symbols is detrimental.

When FH is used, four alternatives were identified for long PUCCH transmission over N symbols. One alternative is to apply FH at the N/2 - 1 symbol when mod(N, 4)=2 and, otherwise, apply FH at the floor(N/2) symbol. This aims to provide a same number of DMRS and UCI symbols per hop when mod(N, 4)=2 and was shown to offer up to 1 dB BLER gain for N=6 while the gains become marginal for N = 10 or N = 14 [2]. While it is true that for transmission of 1-2 bits an equal symbol split between DMRS and UCI is optimal, the effective SINR after coherent demodulation is also unbalanced when more symbols, e.g. 2x symbols for N = 6, are placed on one part of the BW relative to the other part of the BW and this results to uneven gains from frequency diversity which should fundamentally diminish potential gains from a DMRS/UCI ratio of 1 in each frequency hop. Therefore, this alternative can be viewed as a potential optimization for N=6 over the general floor(N/2) option for the number of symbols in the first frequency-hop. 
Another alternative is for the hopping symbol to be a function of the first long PUCCH symbol and the duration of long PUCCH under the assumption that long PUCCHs start at the same symbol and have different durations. This aims to align the hopping symbol for PUCCH with different durations. A drawback of this alternative is that it can result to significant differences in the number of symbols in each frequency-hop which results to worse BLER. Another drawback is the assumed constraint that all long PUCCHs start at the same symbol which need not be valid. Also, even under these constraints, it is unlikely that long PUCCHs for 1-2 bits will have different durations in a slot (e.g. that multiple PRBs will be needed for long PUCCH with 1-2 bits in a slot and some of those PRBs will overlap with short PUCCH PRBs and not overlap with probably wideband SRS while the other PRBs will not overlap with short PUCCH PRBs). 
Overall, a material performance difference for the NR operation is not expected when FH occurs after floor(N/2) symbols, ceil(N/2) symbols, or N/2 - 1 symbols when mod(N, 4)=2 and floor(N/2) symbols otherwise. For simplicity, floor(N/2) or ceil(N/2) can be selected and this can also have commonality with long PUCCH for more than 2 bits to define a single rule. If optimization for N=6 and long PUCCH with 1-2 bits is deemed meaningful, an exception for using N/2 - 1 symbols when mod(N, 4)=2 can apply.  
Observation 2: Either floor(N/2), or ceil(N/2), or possibly N/2 - 1 when mod(N, 4)=2 to optimize BLER for N=6, can be choices for the FH boundary of a long PUCCH for 1-2 bits with N symbols.
In case of frequency hopping (FH), there is a transient period for the transmission power before and/or after the FH. When FH occurs within the UE transmission BW, the transient period is relatively short and its impact depends on the symbol duration. When the transient period is much smaller than the symbol duration, e.g. for 15 KHz SCS as in LTE, no meaningful impact is expected. The applicability of OCC is also not affected. When the symbol duration becomes smaller, one symbol can be punctured as for eMTC in LTE. The smallest SCS where puncturing can begin to apply can be determined by RAN4 and 60 KHz or 120 KHz is a likely candidate. The transmission structure of the long PUCCH, in terms of DMRS and UCI symbols, does not need to be affected by the transient period. It is noted that a 1-symbol puncturing will effectively require 5 symbols for PUCCH transmission with FH but this also does not have any other impact.  

Observation 3: The transient period due to FH does not need to impact the long PUCCH structure. Puncturing can apply for the larger SCS due to retuning pending RAN4 input.
2.2 OCC Length without FH
OCC was introduced to increase the multiplexing capacity of long PUCCH for 1-2 bits. The primary motivation was for SR as for HARQ-ACK the multiplexing capacity is typically sufficient using only cyclic shifts. Maximizing multiplexing capacity for SR is an objective irrelevant of whether FH is or is not used. Therefore, the OCC length without FH should be determined in the same manner as the OCC with FH; that is, it should be the maximum OCC length that can be supported for DMRS or UCI symbols (or for only UCI symbols in case of SR) to provide maximum UE multiplexing capacity. High Doppler shifts can be accommodated in the same manner with or without FH by the gNB configuring resources to UEs that have OCCs that are mutually robust to high Doppler shifts (a same criterion was applied in selecting the OCCs in LTE), including no OCC (i.e. OCC of all 1s for all PUCCH resources) if the gNB so decides, for example to support UE multiplexing for different PUCCH lengths. In general, the choice of OCCs to configure for use is a gNB implementation issue and there is any no reason to limit the number of available OCCs for FH or for no FH.

Proposal 1: NR supports the maximum OCC length (maximum OCC multiplexing capacity) for a given length of long PUCCH for 1-2 bits both with and without FH. 
2.3 FH Bandwidth for Msg4
HARQ-ACK transmission in response to Msg4 PDSCH reception can be in the same BW part as Msg3 PUSCH transmission (this can be default operation without explicit specification as a UE need not be configured another UL BWP prior to RRC connection setup). There is no apparent reason to support configuration of different UL BWPs for Msg3 PUSCH transmission and for PUCCH transmission for HARQ-ACK in response to Msg4 PDSCH or for FH of such PUCCH transmission over multiple BWPs (and only a single active BWP is agreed).

Proposal 2: PUCCH transmission for HARQ-ACK in response to Msg4 PDSCH is in same BWP as Msg3 PUSCH transmission. 
3 Conclusions

This contribution considered aspects related to transmission and structure for the long PUCCH with UCI of 1-2 bits and proposes the following. 
Proposal 1: NR supports the maximum OCC length (maximum OCC multiplexing capacity) for a given length of long PUCCH for 1-2 bits both with and without FH. 
Proposal 2: PUCCH transmission for HARQ-ACK in response to Msg4 PDSCH is in same BWP as Msg3 PUSCH transmission. 
In addition, the following observations are made. 

Observation 1: Limiting the FH configurability to or from a number of long PUCCH symbols is detrimental.

Observation 2: Either floor(N/2), or ceil(N/2), or possibly N/2 - 1 when mod(N, 4)=2 to optimize BLER for N=6, can be choices for the FH boundary of a long PUCCH for 1-2 bits with N symbols.

Observation 3: The transient period due to FH does not need to impact the long PUCCH structure. Puncturing can apply for the larger SCS due to retuning pending RAN4 input.
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