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Introduction
In RAN #90e, a Rel-17 work item (WI) for NR operation in a frequency regime between 52.6GHz and 71GHz has been approved [1]. As part of the work item, the study on the physical layer aspects of PUCCH includes following: 
· Support enhancement for PUCCH format 0/1/4 to increase the number of RBs under PSD limitation in shared spectrum operation.
In RAN1#104-e and 104-bis-e, some agreements have been reached on the enhancements for PUCCH 0/1/4, and some design alternatives were proposed for further evaluation and down-selection. In this contribution, we provided our views on the base sequence type for enhanced PUCCH Format 0/1 and some other open issues. Our proposals on these design aspects are made based on our views.
Discussion
Base sequence type for PUCCH format 0/1 with more than one RB
In RAN1#104e and 104-bis-e, it has been agreed to allow PUCCH format 0/1 to occupy multiple contiguous RBs. When a PUCCH Format 0/1 occupies multiple RBs, one design aspect is the base sequence applied for multi-RB PUCCH Format 0/1. Related agreements are listed below where two alternatives have been proposed for evaluation and down-selection:
	[bookmark: _Hlk71410431]Agreement from RAN1#104-e
· 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
Agreement from RAN1#104-bis-e
· 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


In RAN1#104-bis-e, it has been agreed that the maximum number of RB for PUCCH Format 0/1 is 12 RBs for 120 kHz SCS based on agreed evaluation assumptions on UE_EIRP, UE_P, and TxBF. In Fig. 1, 95-percentile of CM (dB) out of 30 base sequence for Alt-1 and Alt-2, and the difference between two 95-percentile of CMs are plotted up to 35 RBs. As expected, Alt-2 has slightly higher CM for certain number of RBs configuration, but the difference is limited to at most 2dB. Within the wide range of 9-17 RBs, Alt-2 has better CMs than Alt-1 and has comparable CM within the range of 18-22 RBs.
[image: ]
Fig. 1 CM of Alt-1 and Alt-2 with different number of RBs
In the following subsection, we analyse the MIL/coverage performance with Alt-1 and Alt-2. First, the required SINR(dB) to achieve 1% ACK error rate is provided in Table 1. The simulations assume 120kHz SCS, 1-bit HARQ, 1 symbol PUCCH format 0 without hopping. For Alt-2, coherent combining across all occupied RBs is applied at gNB side. It can be seen that both alternatives require similar SINR operating point.
Table 1 SINR operating point for 1% ACK error rate with Alt-1 and Alt-2 for TDL-A channel
	 
	Num of RBs
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	TDL-A,
DS=5ns
	Alt-1
	7.74
	4.4
	2.47
	0.94
	0.22
	-0.49
	-1.27
	-1.83
	-2.52
	-3.19
	-3.44
	-3.89

	
	Alt-2
	7.74
	4.38
	2.28
	0.8
	-0.05
	-0.8
	-1.58
	-2.12
	-3.06
	-3.46
	-3.8
	-4.1

	TDL-A,
DS=10ns
	Alt-1
	7.12
	4.03
	2.34
	0.57
	-0.26
	-1.32
	-2.59
	-2.94
	-3.2
	-3.75
	-4.88
	-5.04

	
	Alt-2
	7.12
	4.2
	2.26
	0.75
	-0.23
	-1.28
	-1.94
	-2.99
	-3.37
	-3.92
	-4.34
	-5.06

	TDL-A,
DS=20ns
	Alt-1
	7.66
	4.24
	2.26
	0.47
	-1.21
	-1.9
	-3.26
	-3.51
	-5.02
	-5.02
	-5.34
	-5.95

	
	Alt-2
	7.66
	4.54
	2.45
	0.58
	-1.08
	-1.95
	-2.89
	-3.51
	-4.43
	-5.16
	-5.51
	-5.9



In the following subsection, we analyse the maximum transmission power with Alt-1 and Alt-2. As SINR operating point is similar, larger achievable maximum transmission power directly leads to larger coverage range. Note that in EU region, as the PSD limit is 23dBm/mHz, 1 RB is sufficient to achieve the maximum transmission power given that UE_ERIP=25dBm and TxBF=6dBi even for 120kHz SCS. With 1 RB for PUCCH Format 0, both alternatives really just fall back to Release-15 legacy PUCCH format. 
It has also been noted that, in US and South Korea regions, 12 RBs is needed to achieve the maximum transmission power with 120kHz SCS [3].  In Fig.2A, the maximum transmission power is plotted against different number of RBs with 120kHz SCS. Note that with TxBF=6dBi, in US and South Korea regions, UE achieves same maximum transmission power for the given range of RBs. The results show that, while Alt-2 may have some disadvantage in term of CM for certain number of RBs, it does not lead to a loss of maximum transmission power. If we examine the Table 1 in Appendix of regulatory power limits across regions of US (Analysis for South Korean is very similar), the conducted power limit as a function of BW per hop is given by Pmax_P = 27dBm – max(0, 10*log10(100/BW)), which may be re-written as Pmax_P = min(7dBm+10*log10(BW), 27dBm) assuming the BW is in MHz. With the assumption that UE_P=21dBm and UE_EIRP=25dBm, the final transmit power P_TX may be given by min(Pmax_P, UE_EIRP – TxBF, UE_P – Backoff). It can be seen that when the PUCCH BW is less than 12 RBs with 120kHz SCS, the transmit power P_TX is limited by Pmax_P (or the PUCCH bandwidth) rather than the maximum conducted power UE_P and the power Backoff/CM. Thus, the slightly CM loss in Alt-2 does not lead to coverage loss in these examples.
[image: ] 
Fig. 2A Maximum Transmission Power P_TX of Alt-1 and Alt-2 with UE_EIRP=25dBm, 120kHZ SCS
In Fig. 2B, the maximum transmission power is plotted for Alt-1 and Alt-2 with 480kHz SCS. With 480kHz SCS, up to 3 RBs are needed to achieve the maximum EIRP. From the plot, it can be shown that Alt-2 achieves same maximum transmission power for the cases of 1 and 2 RBs and has ~1.5dB loss for 3 RB case.
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Fig. 2B Maximum Transmission Power P_TX of Alt-1 and Alt-2 with UE_EIRP=25dBm, 480kHz SCS
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Fig. 2C Maximum Transmission Power P_TX of Alt-1 and Alt-2 with UE_EIRP=25dBm, 960kHz SCS

In Fig. 2C, the maximum transmission power is plotted for Alt-1 and Alt-2 with 960kHz SCS. For 960kHz SCS, up to 2 RB is needed to achieve maximum transmission power. It can be shown that Alt-2 has ~0.7dB loss for 2 RB case.
In Figs. 3 below, we re-evaluate and present the coverage/MIL difference between Alt-1 and Alt-2 with the optional configuration UE_EIRP=40dBm while keeping all other assumptions unchanged for 120kHz SCS. Again, for EU region with PSD limit of 23dBm/mHz and UE_P=21dBm, current legacy 1-RB PUCCH format 0/1 is sufficient to achieve the maximum transmission power.
For US and South Korea regions, BW is still the limiting factor for the maximum transmission power when the number of RBs is below 12. For the bandwidth larger than 12RB, UE_P and CM/Backoff become the limiting factor, and the number of RBs to achieve the maximum transmission power is between 13 and 17. It is shown that, for this range of RB configuration, Alt-2 actually achieves higher maximum transmission power, given the fact that Alt-2 has better CM property within the range of number of RBs.
[image: ]
Fig. 3 Maximum Transmission Power P_TX of Alt-1 and Alt-2 with UE_EIRP=40dBm, 120kHz SCS

In summary, based on the above evaluation results, we may make following observations:
[bookmark: o1]Observation 1: While Alt-2 has slightly worse CM compared to Alt-1 for certain number of RBs, it does not lead to coverage loss for majority of allowed number of configurable RBs based on agreed evaluation assumptions. Alt-2 improves coverage for some number of configurable RBs when EIRP=40dBm.
Another angle to examine these two alternatives is the multiplexing flexibility among UEs, especially when different UEs are configured with different number of RBs for PUCCH Format 0. Consider following example, a first user UE0’s PUCCH format 0 is configured with 1-RB PRB0, a second user UE1’s PUCCH Format 0 is configured with 3-RBs of PRB1-3, and PUCCH Format 0 for UE2 is configured with 4RBs of PRB0~3. With short sequence of length 12, it is easy to multiplex these three PUCCHs together by assigning different initial cyclic shifts, and the orthogonality may be maintained at decoding side. If long sequence approach is to be applied, it is impossible to maintain the orthogonality when gNB decodes PUCCH Format 0 for individual UEs, which will degrade decoding performance.
[bookmark: o1to2]Observation 2: Alt-2 with short sequence repetition has benefit in more flexible UE multiplexing.
And we thus propose:
[bookmark: p1]Proposal 1: Support Alt-2 for base sequence type when PUCCH format 0/1 occupies more than one RB.

Number of RBs Allowed for enhanced PUCCH Format 0/1/4
In last RAN1#104-bis-e meeting, with regard to the number of RBs allowed for multi-RB PUCCH format 0/1/4, two alternatives have been proposed for down-selection:
	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 fulfill 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()]



In our view, it is unnecessary to support all the integer values in the range [1,…,max()]. With the current agreement, the maximum number of RB is 12 for 120kHz SCS. A smaller set of number like [1,2,4,8,12] may be sufficient for configurable number of RBs for enhanced PF 0/1.
For enhanced PF 4, the configurable number of RBs should fulfil the requirement  where  is a set of non-negative integers. Similar as enhanced PF 0/1, for 120kHz SCS, a smaller set of number like [1, 2, 3, 6, 12] may be used for configurable number of RBs for enhanced PF 4.
To simplify the overall configuration, it may be desirable to take the union of the two sets proposed above. Thus we propose:
Proposal 2: For the configuration of the number of RBs, , for enhanced PUCCH formats 0/1/4, we support Alt-2, and further propose:
· For enhanced PF0/1/4, supported number of RBs set is [1,2,3,4,6,8,12] for 120kHz SCS
Common PUCCH resource set
Common PUCCH resource set is used by a UE before dedicated RRC configuration. For example, during initial access, gNB indicates a PRI in the DCI scheduling Msg4, and UE sends ACK feedback for Msg4 using the corresponding PUCCH resource configured in the common PUCCH resource set table based on the PRI. If a UE supports multi-RB PUCCH format 0/1, it may be beneficial for the UE to use wide-band PUCCH during initial access.
Current common PUCCH resource set table has 16 entries, which are all one-RB (legacy) PUCCH 0/1。It is obvious that in the network there will be both UEs which only support legacy one-RB PUCCH format 0/1, and UEs which support wide-band PUCCH 0/1。 Common PUCCH resource set should be enhanced to support both type of PUCCH format 0/1. 
One way to enhance the common PUCCH resource set is to re-design certain entry of the common PUCCH resource set table such that re-designed entries support multi-RB PUCCH format 0/1. 
Another way to enhance common PUCCH resource set is to design a second common PUCCH resource set table which consist of multi-RB PUCCH 0/1, and UE uses different common resource set depending on UE capability. Thus, a legacy UE will use some entry in the current (legacy) common resource set based on PRI indicated the DCI scheduling Msg4, while a UE supporting wide-band PUCCH will use some entry in the new wide-band common PUCCH resource set, based on the PRI.
[bookmark: p2]Proposal 3: RAN1 should re-design common PUCCH resource set to support both legacy and wide-band PUCCH.
Indication of UE capability of supporting wide-band PUCCH
While it has been agreed to support wide-band PUCCH 0/1/4 in the frequency band of 60GHz, it is not necessary for all of UEs to support such capability. For some mobile devices, the maximum EIRP may be 23dBm, and it is sufficient to achieve maximum EIRP with one RB under 120kHz SCS for certain region. On the other hand, for some CPE devices with maximum EIRP 41dBm, it is beneficial to use multi-RB PUCCHs to increase coverage and throughput. It is thus reasonable to assume that in network there are both types of UEs and gNB needs to support both of them.
For gNB to serve both types of UEs according to their different capabilities, it is important for UE to indicate its capability of supporting wide-band PUCCH during initial access. During 4-step RACH process, there are 3 uplink messages including RACH preamble, Msg3, and ACK to Msg4. A UE supporting wide-band PUCCH may utilize one or more of these messages to indicate its wide-band PUCCH capability. RAN1 should study and agree some signaling details for UE indicating its wide-band capability and it should be transparent to legacy UE. 
[bookmark: p3]Proposal 4: RAN1 should study how to indicate UE's capability of supporting wide-band PUCCH during initial access.

Conclusion
In this contribution, we discussed various aspects on possible enhancement for PUCCH format 0/1 in 60GHz unlicensed band. Our observations and proposals are summarized below:
Observation 3: While Alt-2 has slightly worse CM compared to Alt-1 for certain number of RBs, it does not lead to coverage loss for majority of allowed number of configurable RBs based on agreed evaluation assumptions. Alt-2 improves coverage for some number of configurable RBs when EIRP=40dBm.
Observation 2: Alt-2 with short sequence repetition has benefit in more flexible UE multiplexing.
Proposal 1: Support Alt-2 for base sequence type when PUCCH format 0/1 occupies more than one RB.
Proposal 2: For the configuration of the number of RBs, , for enhanced PUCCH formats 0/1/4, we support Alt-2, and further propose:
· For enhanced PF0/1/4, supported number of RBs set is [1,2,3,4,6,8,12] for 120kHz SCS
Proposal 3: RAN1 should re-design common PUCCH resource set to support both legacy and wide-band PUCCH.
Proposal 4: RAN1 should study how to indicate UE's capability of supporting wide-band PUCCH during initial access.
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Appendix
Table 1: Regulatory Power Limits by Region
	Region
	Maximum Conducted Power, Pmax (dBm)

	US
	Conducted power limit due to EIRP limit:
     Pmax_EIRP = 40 dBm - TxBF

Conducted power limit as a function of PUCCH BW per hop:
     Pmax_P = 27 dBm – max(0, 10*log10(100 / BW))

Combined limit:
     Pmax = min(Pmax_P, Pmax_EIRP)

	Europe
	Conducted power limit due to EIRP limit:
     Pmax_EIRP = 40 dBm – TxBF

Conducted power limit due to PSD limit (assumes N_RB contiguous RBs with all REs allocated per PRB):
     Pmax_PSD = 23 dBm/MHz + max(0, 10*log10(BW)) - TxBF

Combined limit:
     Pmax = min(Pmax_PSD, Pmax_EIRP)

	South Korea
	Conducted power limit due to EIRP limit:
     Pmax_EIRP = 43 dBm – TxBF   when an equipment is >=300m from an astronomical antenna
     Pmax_EIRP = 27 dBm – TxBF   when an equipment is <300m from an astronomical antenna

Conducted power limit due to PSD limit (assumes N_RB contiguous RBs with all REs allocated per PRB):
     Pmax_PSD = 13 dBm/MHz + max(0, 10*log10(BW)) - TxBF

Combined limit:
     Pmax = min(Pmax_PSD, Pmax_EIRP)

	Other regions
	…

	Note: BW is the PUCCH bandwidth per hop in MHz



[bookmark: _Ref68162601][bookmark: _Ref68162671]Table 2: UE power limitations (from Section 2.3 of [3])
	UE Power Limitations
	
	Maximum EIRP:
UE_EIRP = 25 dBm

Maximum conduced power (prior to consideration of backoff):
UE_P = 21 dBm
 
Optional:
- UE_EIRP = 40dBm
- UE_P = 21 dBm

Note: Companies to report if other cases evaluated
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