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1 Introduction
For NR, uplink control information may be transmitted in both long and short duration PUCCH formats depending on the frame structure and/or slot format. 
At the RAN1 #90 meeting, the following agreements were reached on the long duration PUCCH structure [1]:
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
At the RAN1 NR Ad-Hoc#3 meeting, the following agreements were reached on the long duration PUCCH structure [2]:
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.

· OCC multiplexing capacity for each long PUCCH duration (including FFS values) as listed in the following table 

· FFS on OCC length

· Note: It doesn’t imply that the OCC multiplexing capacity for DMRS and UCI are the same
	Long-PUCCH duration N
	OCC Multiplexing capacity M

	
	with hopping
	without hopping FFS

	4
	1
	FFS [2]

	5
	1
	FFS[2]

	6
	1
	FFS[2]

	7
	FFS [1 or 2]  
	FFS[2]

	8
	2
	FFS[3-4]

	9
	2
	FFS[3-4]

	10
	2
	FFS[3-5]

	11
	FFS [2 or 3]  
	FFS[3-5]

	12
	3
	FFS[3-6]

	13
	3
	FFS[3-6]

	14
	3
	FFS[3-7]


In this contribution, we discuss the remaining design details of the NR long duration PUCCH format for small UCI payloads.
2 Discussion
Multiplexing design:

Considering a single OFDM symbol using a CAZAC sequence, practical multiplexing capacity is 6 UEs given typical channel delay spreads. Time domain OCC can be further used to increase the multiplexing capacity. However, given the different NR-PUCCH lengths and also with/without frequency hopping, different lengths of OCC could be defined. Since the number of RS symbols and the number of UCI symbols will be different for long PUCCH with odd number of symbols, the multiplexing capacity is limited by the shorter duration between OCC and RS. 
As it was discussed in the NR Ad-hoc#3 meeting, the OCC Multiplexing capacity for most lengths of long PUCCH with frequency hopping is already agreed except for durations of 7 and 11 symbols. Taking the duration of 7 symbols as an example, even if a length-2 OCC is applied for RS for the hopping part consisting of ‘RUR’, the multiplexing capacity is limited by the single UCI symbol, which means at most 12 UEs can be multiplexed in the same RB (assuming the cyclic shift spacing is 1). Hence, multiplexing capacity of M = 2 for a duration of 7 symbols and M = 3 for a duration of 11 symbols cannot be supported.

By using a length-2 OCC for RS for the hopping part consisting of ‘RUR’ (for length of 7 symbols), one benefit is that larger cyclic shift spacing can be used for RS than for UCI when targeting the same multiplexing capacity, which may increase the channel estimation performance. However, the gain is unclear since small cyclic shift spacing is still used for UCI. In addition, it requires separate configurations of cyclic shift spacing for RS and UCI which deviates from the LTE mechanism that the cyclic shift spacing is a cell-specific parameter and is the same for RS and UCI. Different cyclic shift spacing for RS and UCI may impact interference coordination with neighbor cells and increase the PUCCH overhead by not supporting multiplexing of 7-symbol duration PUCCH format with other durations of long PUCCH without OCC in the same RB. Hence, we do not prefer to use length-2 OCC for RS for the 7 symbol long PUCCH format.
An open issue is the multiplexing capacity for each length of long PUCCH without frequency hopping. For lengths of 4~7 symbols, similar OCC as LTE can be reused by spreading among all UCI and all RS symbols since the distance of multiple UCI symbols and the distance of multiple RS symbols are not larger than the distance in LTE. For lengths of 8~14-symbol long PUCCH, although time domain OCC with lengths equal to or greater than 4 can be used to achieve higher multiplexing capacity, the orthogonality of time domain OCC among UCI with longer distance than 7 symbols may be hard to maintain due to higher Doppler. Hence, the time domain OCC used for the case with frequency hopping in each hop can be reused to ensure small distance between different UCI symbols in time domain, and so as to achieve a unified structure.
Proposal 1: The following OCC length for UCI and RS should be supported for long PUCCH:

	Long-PUCCH duration N
	with frequency hopping
	without frequency hopping

	
	OCC length for the 1st hop
	OCC length for the 2rd hop
	OCC length for RS
	OCC length for RS

	
	For RS
	For UCI
	For RS
	For UCI
	
	

	4
	1
	1
	1
	1
	2
	2

	5
	1
	1
	1
	1
	3
	2

	6
	1
	1
	1
	1
	3
	3

	7
	1
	1
	1
	1
	4
	3

	8
	2
	2
	2
	2
	Same as FH
	Same as FH

	9
	2
	2
	3
	2
	Same as FH
	Same as FH

	10
	3
	2
	2
	3
	Same as FH
	Same as FH

	11
	3
	2
	3
	3
	Same as FH
	Same as FH

	12
	3
	3
	3
	3
	Same as FH
	Same as FH

	13
	3
	3
	4
	3
	Same as FH
	Same as FH

	14
	4
	3
	3
	4
	Same as FH
	Same as FH


Proposal 2: The OCC multiplexing capacity for different lengths of long PUCCH as listed in the following table should be supported.

	Long-PUCCH duration N
	OCC Multiplexing capacity M

	
	with hopping
	without hopping 

	4
	1
	2

	5
	1
	2

	6
	1
	3

	7
	1
	3

	8
	2
	2

	9
	2
	2

	10
	2
	2

	11
	2
	2

	12
	3
	3

	13
	3
	3

	14
	3
	3


Multiplexing of PUCCHs of unequal durations may be possible if only cyclic shift based multiplexing is supported. However, PUCCH durations may need to be aligned if time domain OCC is applied. Otherwise, OCC should be disabled.
Proposal 3: OCC should be disabled if multiplexing of PUCCHs of different durations is configured in the same PRB.
Sequence design:

To simplify the design in NR-PUCCH, the same basic sequence as used for short PUCCH with no more than 2 bits can be used for long PUCCH with no more than 2 bits.

Proposal 4: The same basic sequence should be used for both short PUCCH and long PUCCH with no more than 2 UCI bits.
Frequency hopping:

It was agreed that frequency hopping is enabled/disabled by RRC signaling. One open issue is whether frequency hopping should be mandatory above a given PUCCH duration. Such a scenario would be aligned with LTE where frequency hopping is applied without configuration for a subframe. However, given that the RRC configuration is applicable for at least some PUCCH durations, there does not seem to be any benefit for further restrictions as it can be up to the network whether or not to enable or disable frequency hopping for any PUCCH duration. 
Proposal 5: Frequency hopping should be configurable for each length of NR-PUCCH.
When frequency hopping is enabled, the following principle can be considered to determine the frequency hopping pattern. 
· Given N (N>=4) symbols for PUCCH, all symbols are partitioned into two group as equally as possible. For example, the number of symbols in group 1 is 
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. Alternatively, the number of symbols in group 1 is 
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Proposal 6: Frequency hopping point can be decided by partitioning the total length N into two groups:

· the number of symbols in group 1 is 
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· or, the number of symbols in group 1 is 
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When frequency hopping is enabled and multiple UEs are scheduled for PUCCH in the same symbols, these UEs may be configured with different UL BWPs. Thus an issue may occur that some UEs cannot be multiplexed in the same PUCCH resource. As shown in Figure 1, the UE on BW1 and the UE on BW2 are only multiplexed in the same PUCCH resource of the high frequency part due to the different frequency hopping band, which causes asymmetric multiplexing capacity and reduces the resource efficiency.
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Figure 1: Multiplexing of UEs configured with different BWP sizes 
Some possible solutions are as follows:

· Option 1: frequency hopping is restricted to a smaller band for larger bandwidth UE.

The PUCCH frequency hopping band of UEs on larger BW is restricted to frequency hopping band in a smaller BW which could be the smallest BW within the larger BW, or doesn’t contain other smaller BWs. An example is shown in Figure 2(a) where a UE operating in the wide bandwidth part (BW1) is configured for frequency hopping in BW2 so that the UE on BW1 and UE on BW2 can be multiplexed in the same PUCCH resource. This option may impact the diversity performance for UE on larger BW1 when there is a big difference between BW1 and BW2.

· Option 2: frequency hopping restriction for smaller bandwidth UE

The PUCCH frequency hopping bandwidth within the band (or we can call it the starting point of PUCCH resource for frequency hopping within the band) of UEs on smaller BW is restricted to reserve sufficient PUCCH resource for UEs on larger BW. An example is shown in Figure 2(b), where the UE on BW2 and the UE on BW3 are configured with restricted frequency hopping bandwidths to reserve some PUCCH resource for UE on BW1. This method avoids the PUCCH multiplexing of UEs with different BW capability. 

· Option 3: frequency hopping restriction in certain smaller bandwidth part of larger bandwidth UE

The PUCCH frequency hopping bandwidth within the band of UEs on larger BW is restricted to reserve sufficient PUCCH resource for UEs on smaller BW. An example is shown in Figure 2(c) that UE on BW1 adjusts its frequency hopping bandwidth to reserve some PUCCH resource for UE on BW2 and UE on BW3. Similar to option 2, this method avoids the PUCCH multiplexing of UEs with different BW capability.

Proposal 7: The frequency hopping can be restricted within a sub set of the UE's BWP which is configured by high layer.
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Figure 2: Proposed PUCCH hopping bandwidths for UEs configured with different BWP sizes 
3 Conclusions
Based on the above discussion, we have the following proposals: 
Proposal 1: The following OCC length for UCI and RS should be supported for long PUCCH:

	Long-PUCCH duration N
	with frequency hopping
	without frequency hopping

	
	OCC length for the 1st hop
	OCC length for the 2rd hop
	OCC length for RS
	OCC length for RS

	
	For RS
	For UCI
	For RS
	For UCI
	
	

	4
	1
	1
	1
	1
	2
	2

	5
	1
	1
	1
	1
	3
	2

	6
	1
	1
	1
	1
	3
	3

	7
	1
	1
	1
	1
	4
	3

	8
	2
	2
	2
	2
	Same as FH
	Same as FH

	9
	2
	2
	3
	2
	Same as FH
	Same as FH

	10
	3
	2
	2
	3
	Same as FH
	Same as FH

	11
	3
	2
	3
	3
	Same as FH
	Same as FH

	12
	3
	3
	3
	3
	Same as FH
	Same as FH

	13
	3
	3
	4
	3
	Same as FH
	Same as FH

	14
	4
	3
	3
	4
	Same as FH
	Same as FH


Proposal 2: The OCC multiplexing capacity for different lengths of long PUCCH as listed in the following table should be supported.

	Long-PUCCH duration N
	OCC Multiplexing capacity M

	
	with hopping
	without hopping 

	4
	1
	2

	5
	1
	2

	6
	1
	3

	7
	1
	3

	8
	2
	2

	9
	2
	2

	10
	2
	2

	11
	2
	2

	12
	3
	3

	13
	3
	3

	14
	3
	3


Proposal 3: OCC should be disabled if multiplexing of PUCCHs of different durations is configured in the same PRB.
Proposal 4: The same basic sequence should be used for both short PUCCH and long PUCCH with no more than 2 UCI bits.
Proposal 5: Frequency hopping should be configurable for each length of NR-PUCCH.

Proposal 6: Frequency hopping point can be decided by partitioning the total length N into two groups:

· the number of symbols in group 1 is 
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· or, the number of symbols in group 1 is 
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Proposal 7: The frequency hopping can be restricted within a sub set of the UE's BWP which is configured by high layer. 
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