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1. [bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: _Ref129681832]In RAN#90e meeting, the “Enhancements for PUCCH formats 0/1/4” was approved. The objective of the work item is presented in [1]. The objective in [1] is:
· Support enhancement for PUCCH format 0/1/4 to increase the number of RBs under PSD limitation in shared spectrum operation.
In RAN1#104e meeting [2], the following agreements were made:
Agreement:
For enhanced (multi-RB) PUCCH Formats 0/1/4 for 120/480/960 kHz SCS, support allocation of N_RB contiguous RBs
· FFS: Values of N_RB for each SCS
· For 480/960 kHz SCS, all REs within each RB are mapped
· Note: PRB and sub-PRB interlaced mapping is not considered further
· For 120 kHz SCS, further discuss the following two alternatives:
· Alt-1: All REs within each RB are mapped
· Note: PRB and sub-PRB interlaced mapping is not considered further
· Alt-2: Subset of REs within each RB are mapped (sub-PRB interlaced mapping)

Agreement:
· The configured number of RBs for enhanced PF 0/1/4 is denoted NRB
· The minimum value of NRB is 1 for PF 0/1/4 for all subcarrier spacings
· The maximum value of NRB depends on subcarrier spacing
· FFS: maximum value for each SCS and each of PF0/1/4
· FFS: Allowed values of NRB within the [min/max] range
· FFS: Details of indication of NRB by cell-specific (for PF0/1) and dedicated signaling (PF0/1/4)
· FFS: Whether or not multiplexing of users with misaligned RB allocations is supported, where "misaligned" also includes users with different # of RBs.
· For PF4:
· The actual number of RBs used for a PUCCH transmission is equal to NRB, i.e., the actual number of RBs does not vary dynamically based on PUCCH payload
· NRB fulfils the following:  where  is a set of non-negative integers
· Note: if frequency hopping is enabled, NRB is the number of RBs per hop
· Note: decisions on the maximum value of NRB for each SCS and PUCCH format shall take into account link budgets based at least on the agreed evaluation assumptions

Agreement:
· For enhanced PF0/1, support Type-1 low PAPR sequences. Further study and strive to select one of the following alternatives:
· Alt-1: A single sequence of length equal to the total number of mapped REs of of the PUCCH resource is used. Cyclic shifts for PF0/1 are defined in the same way as Rel-16 for the case that useInterlacePUCCH-PUSCH is not configured.
· Alt-2: A single sequence of length equal to the number of mapped REs per RB of the PUCCH resource is used, and the sequence is repeated in each RB. At least the following scheme is considered for PAPR/CM reduction:
· Cycling of cyclic shifts across RBs in a similar way as for Rel-16 for PF0/1 for the case that useInterlacePUCCH-PUSCH is configured
· At least the following aspects should be considered in the study
· Coverage (maximum isotropic loss (MIL)), including
· Required SNR to fulfil PUCCH detection criterion
· PAPR/CM as a function of N_RB
· Specification impact

Agreement:
· For DMRS of enhanced PF4, support Type-1 low PAPR sequences. Further study and strive to select one of the following alternatives for sequence construction:
· Alt-1: A single sequence of length equal to the total number of mapped Res of of the PUCCH resource is used. Cyclic shifts are defined in the same was as Rel-15/16 for PF4.
· Alt-2: A single sequence of length equal to the number of mapped Res per PRB of the PUCCH resource is used, and the sequence is repeated in each PRB. At least the following scheme is considered for PAPR/CM reduction:
· Cycling of cyclic shifts across RBs in a similar way as for Rel-16 for PF0/1 for the case that useInterlacePUCCH-PUSCH is configured
· At least the following aspects should be considered in the study
· Coverage (maximum isotropic loss (MIL)), including
· Required SNR to fulfil PUCCH detection criterion
· PAPR/CM as a function of N_RB
· Specification impact

Agreement:
· For UCI of enhanced PF4, support pre-DFT blockwise spreading using OCCs of length 2 and 4 as defined for Rel-16 PF4
· Further study the following and decide in RAN1#104-b:
· Whether or not additional OCC lengths are supported
· Down-select to one of the following alternatives for blockwise spreading
· Alt-1: Blockwise spreading is performed across all allocated RBs
· Alt-2: Blockwise spreading and DFT is performed per-RB followed by per-RB PAPR/CM reduction mechanism.
· At least the following aspects should be considered in the study
· Coverage (maximum isotropic loss (MIL)), including
· Required SNR to fulfil PUCCH detection criterion
· PAPR/CM as a function of N_RB
· Specification impact

In this contribution, we investigate different design options corresponding to the objective of the work item and we propose some ways to move forward.

2. Discussion
1 
2 
Sequence expansion in frequency domain for PUCCH format 0/1
In RAN1#104e meeting, the following agreements were made[2]:
· For enhanced PF0/1, support Type-1 low PAPR sequences. Further study and strive to select one of the following alternatives:
· Alt-1: A single sequence of length equal to the total number of mapped REs of   the PUCCH resource is used. Cyclic shifts for PF0/1 are defined in the same way as Rel-16 for the case that useInterlacePUCCH-PUSCH is not configured.
· Alt-2: A single sequence of length equal to the number of mapped REs per RB of the PUCCH resource is used, and the sequence is repeated in each RB. At least the following scheme is considered for PAPR/CM reduction:
· Cycling of cyclic shifts across RBs in a similar way as for Rel-16 for PF0/1 for the case that useInterlacePUCCH-PUSCH is configured
· At least the following aspects should be considered in the study
· Coverage (maximum isotropic loss (MIL)), including
· Required SNR to fulfil PUCCH detection criterion
· PAPR/CM as a function of N_RB
· Specification impact

[bookmark: OLE_LINK7][bookmark: OLE_LINK8]From the above agreement, there are two options to expand the length of the sequence for PUCCH Format 0/1 in frequency domain. One is “a single sequence of length equal to the total number of mapped REs of of the PUCCH resource is used”, which is named as “long sequences” in the later sections. The other is “a single sequence of length equal to the number of mapped REs per RB of the PUCCH resource is used” and “considered for PAPR/CM reduction”, which is named as “repetitive sequences with low PAPR” in the later sections.
Long sequences 
To PUCCH format 0/1, the Zadoff-Chu sequences of length 36 or above can be used by truncation and expansion to align with the length of multiple PRBs similar to that used for SRSs.

For ,the base sequence  is given by [5]


where




[bookmark: OLE_LINK5][bookmark: OLE_LINK6]The length  is given by the largest prime number such that.
If the long sequence is introduced to enhance PUCCH format0/1, new PUCCH formats are also needed.
The Zadoff-Chu sequences of length 36 or above in NR can be used by truncation or expansion to align with the length of multiple PRBs.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Repetitive sequences with low PAPR
If repetitions of the sequences used for PUCCH format 0/1 are introduced to meet the channel occupancy requirement, the PAPR is expected to increase with the number of repetition increase.
The PAPR results from different number of sequences repetition are shown in Figure1. From Figure 1, the PAPR increases in proportion to the increase of the number of repetitions. The increased PAPR for the higher number of sequence repetitions would reduce the maximum Tx power, which reflect in the reduced the coverage of PUCCH.   Thus, the PAPR reduction is essential for the sequence repetition for PUCCH format 0/1.   
[image: ]
Figure 1: PAPR for Repetitive Sequences of different RBs

If sequence repetition is used for PUCCH format 0/1, PAPR increases as the number of repetition increases.
The method to reduce the PAPR should be supported if repetitive sequences are adopted.
Performance of different sequences
To compare the two options, the results of CM and BLER are shown in Figure 2~5. For repetitive sequence, the method to reduce the PAPR is same as used in interlace. 
[image: ]
Figure 2: CM for Different Sequences of 12 RBs
[image: ]
Figure 3: CM for Different Sequences of 24 RBs

[image: ]
Figure 4: BLER for Different Sequences of 12 RBs
[image: ]
Figure 5: BLER for Different Sequences of 24 RBs

From Figure 2 and 3, the CM of the repetitive sequence with low PAPR is same as that of the Zadoff-Chu sequence when the length of sequence is 12. The CM for repetitive sequence with low PAPR has a very small difference from the Zadoff-Chu sequence when the length of sequence is 24. As a result, the performances for the two sequences are same when the length of sequence is 12 and the performance of the Zadoff-Chu sequence is a little better in low SNRs when the length of sequence is 24. 
Note it can also be observed that more frequency-domain resources can provide more frequency-domain diversity gain. Then the performance for the sequences expansion in frequency domain is better than that of the PUCCH format 0 of 1 RB.
The performance for the sequences expansion in frequency domain is better than that of PUCCH format 0 of 1 RB, because of more frequency diversity gain.
[bookmark: OLE_LINK15]For sequence repetition, cycling of cyclic shifts across RBs in a similar way as for Rel-16 can be used to reduce the PAPR.
  
Number of Resource Blocks
In RAN1#104e meeting, the following agreements were made[2]:
· The configured number of RBs for enhanced PF 0/1/4 is denoted NRB
· The minimum value of NRB is 1 for PF 0/1/4 for all subcarrier spacings
· The maximum value of NRB depends on subcarrier spacing
· FFS: maximum value for each SCS and each of PF0/1/4
· FFS: Allowed values of NRB within the [min/max] range
· FFS: Details of indication of NRB by cell-specific (for PF0/1) and dedicated signaling (PF0/1/4)
· FFS: Whether or not multiplexing of users with misaligned RB allocations is supported, where "misaligned" also includes users with different # of RBs.

From the above agreement, the maximum value of NRB depends on subcarrier spacing. In addition, it has to follow the constraint of PSD and EIRP limited.
According to the FCC regulations, the max conducted power of a UE depends on the transmission bandwidth. The regulatory limits for maximum PSD needs to be incorporated in the design for NR operation on the 60 GHz unlicensed band. For example, PSD limit of 23dBm/MHz is required in Europe while significantly lower limit of 13dBm/MHz is required in Korea. Different peak EIRP values are also specified in RAN4 specification [3] . For power class 3 in band n261, the min peak EIRP is 22.4dBm and the max peak EIRP is 43dBm [3]. The medium value of peak EIRP is 32.7dBm. Furthermore, during the study of NR operation in 52.6 GHz to 71GHz, the parameter “UE power Limitation” for system level evaluation is set to “EIRP=25dBm” [4]. 
In Table1, different peak values of EIRP for one PRB allocation is tabulated for different SCS values with 13dBm/MHz PSD limit. The maximum allowed EIRP can be increased by allocating more PRBs for PUCCH, especially in the case of lower SCS values. 
Table 1: Number of RBs required at PSD limit for different EIRP values
	SCS
	Number of RBs needed at EIRP=22.4dBm
	Number of RBs needed at EIRP=25dBm
	Number of RBs needed at EIRP=32.7dBm

	120 kHz
	6
	11
	64(4 with AG=12dB)

	480 kHz
	1
	2
	16(1 with AG=12dB)

	960 kHz
	1
	1
	8(1 with AG=12dB)



For low power UEs, e.g., with EIRP of 22.4dBm, the power requirement by FCC will not be the limiting factor for 480 kHz and 960 kHz SCS. But for 120 kHz SCS, transmission with the EIRP limit can only be achieved by allocating at least 6PRBs.
For higher power equipment, the conducted power does not need to be reduced below the FCC maximum value of 32.7dBm as long as the allocation is at least 64, 16, and 8 RBs for 120, 480 and 960 kHz SCS respectively. If such UE has a 2x2 antenna panel with total antenna gain of at least 12 dB, then only 20.7dBm conducted power is needed to reach the EIRP limit. The number of required RBs can be reduced to 4, 1 and 1 for 120, 480 and 960 kHz SCS.
As mentioned above, we can find that the number of required RBs is different for different power classes even under the same PSD limit, because of the different EIPR limits. Furthermore, even if the power classes are same, the number of required RB will be different when the UE antenna gain is different. 
The number of required RBs is different for different power classes even for the same PSD limit, because of the different EIPR limits.
Even if the power classes are same, the number of required RB will be different when the UE antenna gain is different.
In order to determine the number of required RBs, the gNB should configure the PUCCH resource based on the limit of PSD and EIRP in the deployment.
The maximum value of NRB for each SCS should be gNB configurable and depends on the PSD limit and the EIRP in the region of the deployment.
The number of PRBs for enhanced (multi-RB) PF 0/1/4 should be a range rather than a definite value. In Table 1, it can be observed that more RBs are needed for higher PUCCH transmit power. As mentioned above, we can find that the number of required RBs is different for different power classes even under the same PSD limit, because of the different EIPR limits. Furthermore, even if the power classes are same, the number of required RB will be different when the UE antenna gain is different. 
Besides the power class, because of the power control, the Tx power for different UE is different. If the same number of RBs is used for different UEs, it will result in a waste of frequency resource. When there are lots of users in the cell, it will lead to the frequency domain resources shortage. For UEs, longer sequences detection will consume larger power, so it has benefits for UE power saving to use different numbers of RBs for different Tx powers.
Therefore, the number of PRBs or enhanced (multi-RB) PF 0/1/4 may be different for different UEs, and can be varied with time for a UE. Accordingly, the gNB needs to inform the values of PUCCH RBs before the UE transmits PUCCH. 
The number of RBs for PUCCH format0/1/4 can be cell specific or UE specific RRC configured.
In the following, we discussed how the UE of different states will know the RB number of the PUCCH.
· RRC connected UE
[bookmark: _GoBack]For RRC connected UEs, the gNB could associate the PUCCH Resource ID with the number of RBs similar to that of PUCCH format 2/3 in [6]. When the UE obtains the PUCCH Resource ID, it will obtain the number of RBs.
PUCCH-ResourceId ::=                    INTEGER (0..maxNrofPUCCH-Resources-1)


PUCCH-format0 ::=                               SEQUENCE {
nrofPRBs                                        INTEGER (1.. maxRB),
    initialCyclicShift                              INTEGER(0..11),
    nrofSymbols                                     INTEGER (1..2),
    startingSymbolIndex                             INTEGER(0..13)
}

PUCCH-format1 ::=                               SEQUENCE {
nrofPRBs                                        INTEGER (1.. maxRB),
    initialCyclicShift                              INTEGER(0..11),
    nrofSymbols                                     INTEGER (4..14),
    startingSymbolIndex                             INTEGER(0..10),
    timeDomainOCC                                   INTEGER(0..6)
}

PUCCH-format4 ::=                               SEQUENCE {
nrofPRBs                                        INTEGER (1.. maxRB),
    nrofSymbols                                     INTEGER (4..14),
    occ-Length                                      ENUMERATED {n2,n4},
    occ-Index                                       ENUMERATED {n0,n1,n2,n3},
    startingSymbolIndex                             INTEGER(0..10)
}

The gNB can calculate the number of RBs through the information UE reported such as PHR. To help the gNB to decide the number of RB for PUCCH, the reference number of RB for PUCCH could be reported by UE through RRC.
· Initial access process
As mentioned above, because the SCS, PSD limit and EIPR limits may be different, the supported number of PUCCH RBs may be different for different deployment scenario. Then, during the initial access process, the gNB needs to indicate the PUCCH format to the UE with the configured number of RBs for PUCCH format0/1/4 RBs which are used for HARQ of MSG4 during the initial access process. 
The configuration of the RB number for the PUCCH could be informed by SIB1. There are two methods for the gNB to inform the number of RBs for PUCCH.
Option1: The gNB uses SIB1 to configure an index of PUCCH resource sets and the index associate the PUCCH resource sets index with the number of RBs similar to the table in [7].
Table 9.2.1-1: PUCCH resource sets before dedicated PUCCH resource configuration 
	Index
	PUCCH format
	First symbol
	Number of symbols
	Number of RBs
	PRB offset [image: ]
	Set of initial CS indexes

	0
	0
	12
	2
	
	0
	{0, 3}

	1
	0
	12
	2
	
	0
	{0, 4, 8}

	2
	0
	12
	2
	
	3
	{0, 4, 8}

	3
	1
	10
	4
	
	0
	{0, 6}

	4
	1
	10
	4
	
	0
	{0, 3, 6, 9}

	5
	1
	10
	4
	
	2
	{0, 3, 6, 9}

	6
	1
	10
	4
	
	4
	{0, 3, 6, 9}

	7
	1
	4
	10
	
	0
	{0, 6}

	8
	1
	4
	10
	
	0
	{0, 3, 6, 9}

	9
	1
	4
	10
	
	2
	{0, 3, 6, 9}

	10
	1
	4
	10
	
	4
	{0, 3, 6, 9}

	11
	1
	0
	14
	
	0
	{0, 6}

	12
	1
	0
	14
	
	0
	{0, 3, 6, 9}

	13
	1
	0
	14
	
	2
	{0, 3, 6, 9}

	14
	1
	0
	14
	
	4
	{0, 3, 6, 9}

	15
	1
	0
	14
	
	[image: ]
	{0, 3, 6, 9}



Option2: The available number of RBs for PUCCH can be informed through broadcast directly, e.g., SIB1.
If needed, the UE could report its information in MSG3 to help the gNB to obtain the number of RBs, such as the reference number of RBs for PUCCH, PHR and so on.
[bookmark: OLE_LINK9][bookmark: OLE_LINK12]For RRC connected UEs, the gNB could associate the PUCCH Resource ID with the number of RBs similar to that of PUCCH format 2/3.
The gNB needs to indicate the UE with the configured number of RBs for PUCCH format0/1/4 during the initial access process.

3. Conclusions
This contribution discussed the PUCCH enhancements for the support of NR operation up to 71 GHz. We have the following observations and proposals,

· Observation 1: The Zadoff-Chu sequences of length 36 or above in NR can be used by truncation or expansion to align with the length of multiple PRBs.
· [bookmark: OLE_LINK3][bookmark: OLE_LINK4]Observation 2: If sequence repetition is used for PUCCH format 0/1, PAPR increases as the number of repetition increases.
· Observation 3: The performance for the sequences expansion in frequency domain is better than that of PUCCH format 0 of 1 RB, because of more frequency diversity gain.
· Observation 4: The number of required RBs is different for different power classes even for the same PSD limit, because of the different EIRP limits.
· Observation 5: Even if the power classes are same, the number of required RB will be different when the UE antenna gain is different.

· Proposal 1: The method to reduce the PAPR should be supported if repetitive sequences are adopted.
· Proposal 2: For sequence repetition, cycling of cyclic shifts across RBs in a similar way as for Rel-16 can be used to reduce the PAPR.
· Proposal 3: The maximum value of NRB for each SCS should be gNB configurable and depends on the PSD limit and the EIRP in the region of the deployment.
· Proposal 4: The number of RBs for PUCCH format0/1/4 can be cell specific or UE specific RRC configured.
· Proposal 5: For RRC connected UEs, the gNB could associate the PUCCH Resource ID with the number of RBs similar to that of PUCCH format 2/3.
· Proposal 6: The gNB needs to indicate the UE with the configured number of RBs for PUCCH format0/1/4 during the initial access process.
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