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1. Introduction
In RAN1#105-e meeting, extensive discussions were conducted on the aspect of PUCCH enhancements and the following agreements were made[1]:
Agreement:
· For 120 kHz SCS:
· Support at least Alt-1 for enhanced PF0/1 for both PUCCH resources before and after dedicated PUCCH resource configuration
· FFS: Whether or not Alt-2 is additionally supported for PF0/1 for either or both of the following:
· PUCCH resources before dedicated PUCCH resource configuration
· PUCCH resources after dedicated PUCCH resource configuration
· FFS: Supported RE mapping scheme(s) amongst {Alt-1, Alt-2} for enhanced PF4 including design details
· Notes:
· Alt-1 = all REs within each RB are mapped
· Alt-2 = a subset of REs within each RB are mapped (sub-PRB interlaced mapping)
· Which RE mapping scheme(s) to support for PF0/1/4 to be concluded in RAN1#106
· Note: No further enhancements on RB shortage issue and frequency hopping distance issue should be considered for PUCCH resource sets prior to RRC configuration.

In this contribution, we provide some analysis and evaluations on the further discussion for enhanced PF0/1/4, including the maximum number of RBs, PUCCH resource sets prior to RRC configuration, sequence construction for enhanced PF0/1, and rate matching mechanism for enhanced PF4. 
2. Discussion
1. 
2. 
2.1. Maximum number of RBs for enhanced PF0/1/4
It has been agreed to support enhancement for PUCCH format 0/1/4 to increase the number of RBs under PSD limitation in shared spectrum operation for the benefits of transmission power increase[2]. In this section, we provide an analysis on the maximum number of RBs that can be configured for enhanced PF0/1/4. In the unlicensed spectrum, the PUCCH output power is limited by different factors. Further, whether or not considering UE hardware limits and the specific values of power limits will affect the determination of the maximum number of RBs for enhanced PF0/1/4.

During RAN1#105-e meeting, the FL recommended to wait for RAN4 feedback on the LS sent in RAN1#104b-e meeting before deciding on the maximum number of RBs. According to RAN4 LS response, RAN4 only specifies the minimum peak EIRP associated with FR2 bands [3]. Similarly, for bands from 52.6GHz to 71GHz, the minimum peak EIRP, rather than the maximum EIRP should be specified to meet the coverage requirement.

	RAN4 LS reply:
Table 1. FR2 minimum peak EIRP requirements
	Power class
	Max TRP
[dBm]
	FR2 band
	Min peak EIRP
[dBm]
	Max EIRP
[dBm]

	Power class 1
Fixed wireless access UE
	35
	n257/n258/n261
	40.0
	55

	
	
	n260
	38.0
	

	Power class 2
Vehicular UE
	23
	n257/n258/n261
	29.0
	43

	Power class 3
Handheld UE
	23
	n257/n258/n261
	22.4
	43

	
	
	n260
	20.6
	

	
	
	n259
	18.7
	

	
	
	n262
	16.0
	

	Power class 4
High-power non-handheld UE
	23
	n257/n258/n261
	34.0
	43

	
	
	n260
	31.0
	

	Power class 5
Fixed wireless access UE
	23
	n257
	30.0
	43






Therefore, regulatory power limit, including conducted power limit due to EIRP limit (Pmax_EIRP) and conducted power limit due to PSD limit (Pmax_P), is the only factor determining the PUCCH transmission power limits in our evaluations, i.e. Pmax = min(Pmax_EIRP, Pmax_P).

Table 1 provides regulatory limits on EIRP and conducted power for various regulatory regions: 

	
	Pmax_EIRP
	Pmax_P

	EU
	40 dBm-TxBF
	23 dBm/MHz + max(0, 10*log10(BW)) - TxBF

	US
	40 dBm-TxBF
	27 dBm – max(0, 10*log10(100 / BW))

	South Korea
	43 dBm – TxBF   when an equipment is >=300m from an astronomical antenna
27 dBm – TxBF   when an equipment is <300m from an astronomical antenna
	13 dBm/MHz + max(0, 10*log10(BW)) - TxBF


Table 1: Regulatory Power Limits by Region [4]

In the first evaluation case, EU regulation limit is applied. The PUCCH transmission power with different number of RBs is shown in Fig.1. The decisive factor for the PUCCH transmission power limit is Pmax_P up to 34 RBs assuming 120 kHz SCS. Then, further increasing PUCCH bandwidth cannot benefit power increase as the decisive factor switches to Pmax_EIRP. 
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Fig.1: Pmax calculation when EU regulatory power limit is applied, assuming SCS=120kHz 

[image: ] [image: ]
[image: ]
Fig.2: MIL comparison between 1RB, 12RB and 32 RB PF0 with 120kHz, 480kHz, 960kHz and considering EU regulatory power limit

Further, the MIL simulation result in Fig. 2 confirms the MIL gain with increased PUCCH bandwidth and the PUCCH with approximated 50MHz bandwidth provides the best MIL performance, corresponding to 32 RB with 120 kHz SCS, 8 RB with 480 kHz SCS and 4 RB with 960 kHz SCS. 

Next, when US regulatory power limit is applied, the Pmax and MIL gain will continuously increase with the increased PUCCH bandwidth as shown in Fig.3 and Fig.4 respectively assuming TxBF is 6dBi. But the PUCCH transmission power and MIL increase is marginal when the PUCCH bandwidth is larger than 50MHz. Therefore, the max() can also be 32/8/4 for 120/480/960kHz SCS based on a tradeoff between spectral efficiency and coverage.
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Fig. 3: Pmax calculation when US regulatory power limit is applied, assuming SCS=120kHz and TxBF=6dBi
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Fig. 4: MIL comparison between 1RB, 12RB and 32 RB PF0 with 120kHz, 480kHz, 960kHz and considering US regulatory power limit

When South Korea regulatory power limit is applied, the similar observation is as shown in Fig.5 and Fig.6. The decisive factor for the PUCCH transmission power limit is Pmax_P up to 16 RBs assuming 120 kHz SCS. Then, further increasing PUCCH bandwidth cannot benefit power increase as the decisive factor switches to Pmax_EIRP.
Therefore, the maximum value of the configured number of RBs is 16/4/2 for 120/480/960kHz SCS when South Korea regulatory power limit is applied. 
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Fig. 5: Pmax calculation when South Korea regulatory power limit is applied, assuming SCS=120kHz
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Fig. 6: MIL comparison between 1RB, 12RB and 32 RB PF0 with 120kHz, 480kHz, 960kHz and considering South Korea regulatory power limit

Proposal 1: When EU regulatory power limit is applied, the maximum values for the configured number of RBs, NRB, for enhanced PF0/1/4 are:
· 32 RBs for 120 kHz SCS
· 8 RBs for 480 kHz SCS
· 4 RBs for 960 kHz SCS

Proposal 2: When US regulatory power limit is applied, the maximum values for the configured number of RBs, NRB, for enhanced PF0/1/4 are:
· 32 RBs for 120 kHz SCS
· 8 RBs for 480 kHz SCS
· 4 RBs for 960 kHz SCS

Proposal 3: When South Korea regulatory power limit is applied, the maximum values for the configured number of RBs, NRB, for enhanced PF0/1/4 are:
· 16 RBs for 120 kHz SCS
· 4 RBs for 480 kHz SCS
· 2 RBs for 960 kHz SCS

2.2. PUCCH resource sets prior to RRC configuration
In RAN1#105-e meeting, it has been agreed that no further enhancements on RB shortage issue and frequency hopping distance issue should be considered for PUCCH resource sets prior to RRC configuration. In our opinion, the potential RB shortage can be resolved by gNB implementation. The network can select an appropriate PUCCH bandwidth or schedule a suitable PUCCH resource index such that the RB shortage does not happen. 

Proposal 4: The potential RB shortage issue prior to RRC configuration can be handled by gNB implementation.

2.3. PUCCH resource sets with dedicated RRC configuration
The maximum number of RBs, i.e. max(), specifies the upper limit of configured number of RBs for enhanced PF0/1/4 in the network. However, the maximum supported number of RBs for some devices may be less than max() due to UE hardware power limits. For these devices, it is necessary to report UE capability or maximum supported number of RBs to ensure validity of the configured  for PUCCH transmission. Then the number of RBs for enhanced PF0/1/4 can be UE-specifically configured in the connected state.

Proposal 5: Reporting UE capability or maximum supported number of RBs should be supported.

Moreover, the configuration granularity on number of RBs has been discussed based on the following two alternatives in RAN1#105-e meeting. In case of UE dedicated RRC configuration, the overhead issue is not serious. Considering configuration flexibility of different UE capabilities and different coverage requirement, we support Alt-1 for UE dedicated RRC configuration.

	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()]



Proposal 6: Support Alt-1 for configuration granularity on number of RBs for UE dedicated RRC configuration.

2.4. Sequence construction for enhance PF0/1
In this section, we investigate the performance comparison between different alternatives on the sequence generation for case N_RB>1. There are two alternatives discussed in the last meeting. One is to use a long sequence based on R15 ZC sequence generation. The other is the RB cycling used for R16 interlacing PUCCH format 0 sequence generation. In our analysis, we have simulated the power backoff (CM) of these two options. 

The simulation results are given in Fig.7 and table 2. The CM of long sequence is generally lower than that of RB cycling, implying that the long sequence can keep better ZC property, leading to a lower PAPR. In addition, The CM of long sequence is more stable than that of RB cycling, so the conducted power corresponding to the UE_P limit will be less influenced by the variation of the number of RBs, which is appreciate to support flexible configuration of various integer values in the range [1 .. max(NRB)] for each SCS.

[image: ]
Fig.7: CM comparison between long sequence and RB cycling

	CM 95%
	N_RB=1
	N_RB=2
	N_RB=4
	N_RB=8
	N_RB=12
	N_RB=32

	Long seq.
	0.78
	0.78
	2.16
	1.59
	2.04
	2.38

	RB cycling
	0.78
	2.67
	3.30
	2.36
	1.47
	3.60


Table 2: CM comparison between long sequence and RB cycling

Observation 1: The CM of long sequence is lower and more stable than that of RB cycling, which is appreciate to support flexible configuration of various integer values in the range [1 .. max(NRB)] for each SCS.

Moreover, the required SNR for these two options is also reported in table 3 and the corresponding MIL comparison is given in Fig. 8. It can be clearly seen that in general the CM of long sequence is smaller than that of RB cycling. Moreover, the MIL with long sequence is also better than that of RB cycling in most cases. With the above analysis, we can draw the following observation and proposal.

	Target SNR for 120 kHz
	DS=5 ns
	DS=10 ns
	DS = 20 ns

	N_RB=12
	Long seq.
	-10.33
	-10.40
	-9.62

	
	RB cycling
	-10.86
	-10.42
	-9.49

	N_RB=32
	Long seq.
	-14.38
	-13.91
	-12.20

	
	RB cycling
	-14.33
	-13.87
	-11.63

	Target SNR for 480 kHz
	
	
	

	N_RB=3
	Long seq.
	-5.59
	-4.65
	-3.53

	
	RB cycling
	-5.46
	-4.65
	-3.81

	N_RB=8
	Long seq.
	-8.10
	-6.84
	-4.26

	
	RB cycling
	-8.03
	-6.91
	-4.40

	Target SNR for 960 kHz
	
	
	

	N_RB=2
	Long seq.
	-1.99
	-2.46
	-1.24

	
	RB cycling
	-1.97
	-2.02
	-0.77

	N_RB=4
	Long seq.
	-4.46
	-4.76
	-1.91

	
	RB cycling
	-4.49
	-4.53
	-2.02


Table 3: required SNR comparison between long sequence and RB cycling
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Fig. 8: MIL comparison between long sequence and RB cycling

Observation 2: using long sequence can lead to larger MIL than using RB cycling. 

Proposal 7: Adopt long sequence for PUCCH format 0 and format 1 when N_RB>1. 
2.5. Rate matching for enhanced PF4
In last meeting, rate-matching mechanisms were discussed and there are two alternatives on the table. The first alternative uses legacy rate-matching approach, which rate-match over N_PRB bandwidth, since the usable RE is increased, it naturally makes the legacy UCI payload size limitation not meaningful. Thus, the legacy UCI payload size limitation can be omitted. On the other hand, another alternative is to use a new rate-matching mechanism. 
In our understanding, an easier way is to maintain the legacy UCI payload size unchanged, but the network can add more diversity on the UCI bit level by allowing some repetitions. The overall rate-matching is performed over N_PRB bandwidth. By controlling the repetition factor, the network play with the two degree of gains, i.e. diversity gain and the coding gain. 
Proposal 8: for enhanced PF4, maintain the same UCI payload limitation.
Proposal 9: for enhanced PF4, add bit level diversity and rate-match over N_PRB. 

3. Conclusion
This contribution discusses the potential enhancements for PUCCH format 0/1/4. The following observations and proposals are made. 
Proposal 1: When EU regulatory power limit is applied, the maximum values for the configured number of RBs, NRB, for enhanced PF0/1/4 are:
· 32 RBs for 120 kHz SCS
· 8 RBs for 480 kHz SCS
· 4 RBs for 960 kHz SCS

Proposal 2: When US regulatory power limit is applied, the maximum values for the configured number of RBs, NRB, for enhanced PF0/1/4 are:
· 32 RBs for 120 kHz SCS
· 8 RBs for 480 kHz SCS
· 4 RBs for 960 kHz SCS

Proposal 3: When South Korea regulatory power limit is applied, the maximum values for the configured number of RBs, NRB, for enhanced PF0/1/4 are:
· 16 RBs for 120 kHz SCS
· 4 RBs for 480 kHz SCS
· 2 RBs for 960 kHz SCS

Proposal 4: The potential RB shortage prior to RRC configuration can be left to gNB implementation to ensure there is no shortage for the desired row index.

Proposal 5: Reporting UE capability or maximum supported number of RBs should be supported.

Proposal 6: Support Alt-1 for configuration granularity on number of RBs for UE dedicated RRC configuration.

Observation 1: The CM of long sequence is lower and more stable than that of RB cycling, which is appreciate to support flexible configuration of various integer values in the range [1 .. max(NRB)] for each SCS.

Observation 2: Using long sequence can lead to larger MIL than using RB cycling. 

Proposal 7: Adopt long sequence for PUCCH format 0 and format 1 when N_RB>1. 

Proposal 8: for enhanced PF4, maintain the same UCI payload limitation.
Proposal 9: for enhanced PF4, add bit level diversity and rate-match over N_PRB. 
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