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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#104bis-e meeting [2], the following agreements were made:
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]Agreement:
· The maximum values for the configured number of RBs, NRB, for enhanced PF0/1/4 are at least:
· 12 RBs for 120 kHz SCS
· 3 RBs for 480 kHz SCS
· 2 RBs for 960 kHz SCS
· FFS: Whether or not the above values need to be revised to support larger values (and any associated signaling impact), e.g., to support lower UE Tx beamforming gain and/or larger UE EIRP and conducted power limits for different UE power classes, different from those in the agreed evaluation assumptions. 

Agreement:
Down select to one of the following two alternatives for the configuration of the number of RBs, , for enhanced PUCCH formats 0/1/4:
· Alt-1:
· For enhanced PF0/1
· Support configuration of all integer values in the range [1 .. max()] for each SCS
· For enhanced PF4
· Support configuration of all integer values in the range [1 .. max()] for each SCS that fulfil the requirement  where  is a set of non-negative integers.
· Alt-2:
· Same as Alt-1, but with coarser granularity, i.e., not all integer values of  can be configured
· FFS: Which values of  are supported values in the range [1 .. max()]

Agreement:
For UCI of enhanced PF4, support pre-DFT block wise spreading using OCCs of length 2 and 4 only, as in Rel-15/16.

Agreement:
For DMRS of enhanced PF4, a Type-1 low PAPR sequence of length equal to the total number of mapped REs of the PUCCH resource is used. Cyclic shifts are defined in the same was as Rel-15/16 for PF4 (Alt-1 in agreement from RAN1#104-e).

Agreement:
For UCI of enhanced PF4, support pre-DFT block wise spreading performed across all allocated RBs (Alt-1 in agreement from RAN1#104-e).

Agreement:
For addressing the FFS from the prior agreement in RAN1#104bis-e on the maximum values for the configured number RBs, send an LS to RAN4 asking for feasible maximum values for UE_EIRP and UE_P for operation in 52.6-71 GHz.

R1-2104060	[DRAFT] LS to RAN4 on maximum UE conducted power and maximum UE EIRP for operation in the 52.6 – 71 GHz band
R1-2104061	LS to RAN4 on maximum UE conducted power and maximum UE EIRP for operation in the 52.6 – 71 GHz band

Agreement:
User-multiplexing can be considered but as lower priority compared to maximum isotropic loss for PUCCH as a design criterion.

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 Construction for Enhanced PF0/1
In RAN1#104e meeting, the following agreements were made [3]:
· 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 uses Interlace PUCCH-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 uses Interlace PUCCH-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 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 [4]


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.
CM of different sequences
To compare the two options, the results of CM and BLER are shown in Figure 2~6. For repetitive sequence, the method to reduce the PAPR is same as used in interlace. 
[image: ]
Figure 2: CM for Different Sequences of 3 RBs
[image: ]
Figure 3: CM for Different Sequences of 6 RBs

[image: ]
Figure 4: CM for Different Sequences of 12 RBs
[image: ]
Figure 5: CM for Different Sequences of 24 RBs
[image: ]
Figure 6: CM for Different Sequences of 36 RBs
From Figure 2, 3 and 6, the CM of the repetitive sequence with low PAPR is larger than that of the Zadoff-Chu sequence when the length of sequence is 3, 6 and 36. From Figure 4 and 5, the CM of the repetitive sequence with low PAPR is almost same as that of the Zadoff-Chu sequence when the length of sequence is 12 and 24. It can be found that with different number of RBs, the CM of the Zadoff-Chu sequence doesn’t change as much as the repetitive sequence with low PAPR, which is beneficial for design of RF unit.
With different number of RBs, the CM of the Zadoff-Chu sequence doesn’t change as much as the repetitive sequence with low PAPR.
[bookmark: OLE_LINK15]For enhanced PUCCH format 0/1 sequence, Alt1 (a single long sequence) is preferred to keep similar CM for sequences with different lengths.
Frequency Domain Resource Mapping 
Number of RBs for Enhanced PF0/1/4
In RAN1#104bis-e meeting, the following agreements were made [2]:
· The maximum values for the configured number of RBs, NRB, for enhanced PF0/1/4 are at least:
· 12 RBs for 120 kHz SCS
· 3 RBs for 480 kHz SCS
· 2 RBs for 960 kHz SCS
· FFS: Whether or not the above values need to be revised to support larger values (and any associated signaling impact), e.g., to support lower UE Tx beamforming gain and/or larger UE EIRP and conducted power limits for different UE power classes, different from those in the agreed evaluation assumptions 

As discussed in RAN1#104bis-e meeting, the maximum PUCCH bandwidth (in MHz) for the US region before the UE limits kick in is given by:

The above equation is a function of UE_EIRP, UE_P, TxBF, and the cubic metric (CM). We can investigate different values of these parameters to see how it affects the number of RBs. The following additional set of values is to be considered in addition to the already agreed evaluation assumptions in Table 2 and 3 in Section 2.3 of [5]:
· UE_EIRP = 40 dBm
· UE_P = 25 dBm
· TxBF = 0 dBi
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]N_RB is derived simply by converting the maximum PUCCH bandwidth from the above equation to number of RBs for 120, 480, and 960 kHz SCS. The maximum values for the configured number of RBs with the additional set of values are:
· 
· 44 RBs for 120 kHz SCS
· 11 RBs for 480 kHz SCS
· 6 RBs for 960 kHz SCS
· 
· 28 RBs for 120 kHz SCS
· 7 RBs for 480 kHz SCS
· 4 RBs for 960 kHz SCS
It can be seen that for different UE power classes, the maximum configurable number of RBs are different. If RAN4 agrees to support a larger set of maximum configurable number of RBs, the maximum values for enhanced PF0/1/4 may be two sets. The smaller set can be used for reducing the bandwidth, while the larger set can be used for improving coverage.
For different UE power classes, the maximum configurable numbers of RBs are different.
If RAN4 agree to support a larger set of maximum configurable number of RBs, two sets of maximum values for enhanced PF0/1/4 can be used.

Multiplexing Users with Misaligned RB Allocations
In RAN1#104bis-e meeting, the following agreements were made [2]:
User-multiplexing can be considered but as lower priority compared to maximum isotropic loss for PUCCH as a design criterion.
In section 2.1.3, by comparing CM of different sequences, Alt1 (a single long sequence) is preferred to have similar CM for sequences with different length. However, Alt 2 (repetitive sequences with low PAPR) can be beneficial for multiplexing users with misaligned RB allocations, since the orthogonality of Zadoff-Chu sequences with different length cannot be guaranteed. 
Because it was agreed that user-multiplexing is considered at a lower priority compared to maximum isotropic loss for PUCCH as a design criterion, it is not necessary to introduce multiplexing users with misaligned RB allocations in the 52.6 ~ 71 GHz band. If Alt1 is introduced, multiplexing users with misaligned RB allocations can be avoided by gNB to ensure the detection performance.
[bookmark: OLE_LINK16][bookmark: OLE_LINK17]If a single long sequence is used for PUCCH format 0/1, multiplexing users with misaligned RB allocations can be avoided by gNB to ensure the detection performance.

PUCCH Resource Sets Configuration
In RAN1#104bis-e meeting, the following agreements were made [2]:
Down select to one of the following two alternatives for the configuration of the number of RBs, , for enhanced PUCCH formats 0/1/4:
· Alt-1:
· For enhanced PF0/1
· Support configuration of all integer values in the range [1 .. max()] for each SCS
· For enhanced PF4
· Support configuration of all integer values in the range [1 .. max()] for each SCS that fulfil the requirement  where  is a set of non-negative integers.
· Alt-2:
· Same as Alt-1, but with coarser granularity, i.e., not all integer values of  can be configured
· FFS: Which values of  are supported values in the range [1 .. max()]

The number of PRBs for enhanced (multi-RB) PF 0/1/4 should be a range rather than a definite value. However，it is not necessary to support all integer values in the range [1 .. max()] for each SCS. The advantages of Alt-2 are as follows:
· Alt-2 requires fewer bits to support than Alt-1.
· If multiplexing users with misaligned RB allocations can be avoided by gNB, Alt-2 can increase the probability of matching UEs.

In section 2.2.1, it has been discussed that more RBs (>12) are needed for higher PUCCH transmit power. So if RAN4 agree to support a larger set of maximum configurable number of RBs, Alt-2 is preferred to reduce the control signaling overhead.
In section 2.2.2, it has been discussed that multiplexing users with misaligned RB allocations can be avoided by gNB to ensure the detection performance. If it is accepted, only UEs with the same number of PRBs can reuse frequency resources. Obviously, the number of matching UEs will increase as the granularity of  increases.
With coarser granularity, Alt-2 requires fewer bits and increases the probability of matching UEs.
For enhanced PF0/1, Alt-2 with coarser granularity is preferred for the configuration of the number of RBs.
As mentioned in 2.2.1, 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 frequency domain resources shortage. For UEs, longer sequences detection will consume larger power; therefore it is beneficial 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
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 (n1,n2,..,nn),
    initialCyclicShift                              INTEGER(0..11),
    nrofSymbols                                     INTEGER (1..2),
    startingSymbolIndex                             INTEGER(0..13)
}

PUCCH-format1 ::=                               SEQUENCE {
nrofPRBs                                        INTEGER (n1,n2,..,nn),
    initialCyclicShift                              INTEGER(0..11),
    nrofSymbols                                     INTEGER (4..14),
    startingSymbolIndex                             INTEGER(0..10),
    timeDomainOCC                                   INTEGER(0..6)
}

PUCCH-format4 ::=                               SEQUENCE {
nrofPRBs                                        INTEGER (n1,n2,..,nn),
    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: With different number of RBs, the CM of the Zadoff-Chu sequence doesn’t change as much as the repetitive sequence with low PAPR.
· Observation 4: For different UE power classes, the maximum configurable numbers of RBs are different.
· Observation 5: With coarser granularity, Alt-2 requires fewer bits and increases the probability of matching UEs.
· Proposal 1: The method to reduce the PAPR should be supported if repetitive sequences are adopted.
· Proposal 2: For enhanced PUCCH format 0/1 sequence, Alt1 (a single long sequence) is preferred to keep similar CM for sequences with different lengths.
· Proposal 3: If RAN4 agree to support a larger set of maximum configurable number of RBs, two sets of maximum values for enhanced PF0/1/4 can be used.
· Proposal 4: If a single long sequence is used for PUCCH format 0/1, multiplexing users with misaligned RB allocations can be avoided by gNB to ensure the detection performance.
· Proposal 5: For enhanced PF0/1, Alt-2 with coarser granularity is preferred for the configuration of the number of RBs.
· Proposal 6: The number of RBs for PUCCH format0/1/4 can be cell specific or UE specific RRC configured.
· Proposal 7: 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 8: 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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