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1. Introduction
At RAN1#104-e meeting, an updated work item description [1] on supporting NR from 52.6 GHz to 71 GHz was approved, which include the following objective: 
	· Physical layer aspects including [RAN1]:
· [bookmark: _Hlk58583563][bookmark: _Hlk26996217]In addition to 120 kHz SCS, specify new SCS, 480kHz and 960kHz, and define maximum bandwidth(s), for operation in this frequency range for data and control channels and reference signals, only NCP supported. 
[bookmark: _Hlk58594267]Note: Except for timing line related aspects, a common design framework shall be adopted for 480kHz to 960kHz
...
· Support enhancement for PUCCH format 0/1/4 to increase the number of RBs under PSD limitation in shared spectrum operation.
…



In this contribution, we discuss on PUCCH resource allocation under PSD limitation to support NR from 52.6 GHz to 71 GHz.
2. Evaluation for PUCCH format 0/1 with multiple RBs
At  RAN1#104-e meeting, the followings were agreed.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 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


According to the agreement, to specify the number of RB(s) and the sequence design for PUCCH format 0/1 with multiple RBs, we evaluate the performance of PUCCH format 0/1 based on the evaluation assumptions in Table 1.
For both PUCCH format 0 and 1, PRB and sub-PRB interlaced mapping are not considered for all SCSs. The sequences are constructed based on the Type-1 low PAPR sequence specified in 38.211 section 5.2.2 [2], i.e., the computer generated sequence is used when the number of allocated RBs is at most two RB(s) and the ZC-sequence is used otherwise. We evaluate both sequence designs of Alt-1 and Alt-2 provided in the agreement above. 
For PUCCH format 1, OCC is configured according to 38.211 section 6.3.2 [2].
During the calculation of the required SNR for PUCCH sequence detection, the detection criteria we use is the same as what was suggested in the agreement as follows.
For PF0/1 (payload of 1 or 2 bits) the detection criterion assumes that the PUCCH payload consists of randomly drawn HARQ ACK/NACK bits and the criterion is defined as the SNR for which P(ACK to Error) ≤ 1% AND P(NACK to ACK) ≤ 0.1%. Error is defined as NACK or DTX where the decision region for DTX is determined to ensure that the maximum P(DTX to ACK) ≤ 1% for the case when the input to the receiver is noise only.
Note that, for calculation of MIL, the maximum allowed conducted power Pmax is calculated considering combined limit per region (US and Europe regulatory are evaluated separately) provided in table x of Appendix A.  Other simulation assumptions are provided in table x of appendix B.

Table 1: Evaluation assumptions
	Parameter
	Value

	PUCCH Format
	PF0, PF1

	Subcarrier spacing, SCS [kHz]
	{120, 480, 960} kHz

	Frequency hopping details
	Intra-frequency hopping

	Number of RBs used per hop (N_RB)
	1 to 16

	PUCCH bandwidth per hop, BW [MHz]
	BW = N_RB * 12 * SCS / 1e6

	Number of OFDM symbols used for PUCCH resource
	2 for PF0
4 for PF1

	Number of multiplexed users
	1 user

	UE Tx Beamforming gain (dBi)
	6 dBi

	BS Rx Beamforming gain (dBi)
	20 dBi

	UE Power Limitations
	Maximum EIRP:
UE_EIRP = 25 dBm

Maximum conduced power (prior to consideration of backoff):
UE_P = 21 dBm

	Backoff (dB)
	Power backoff is equal to the cubic metric

	Transmit power, P_TX (dBm)
	P_TX = min(Pmax, UE_EIRP – TxBF, UE_P – Backoff)

	Noise power, P_N (dBm)
	BS Noise Figure, NF = 7 dB
Noise PSD = -174 dBm/Hz

P_N = Noise PSD + 10*log10(BW * 1e6) + NF

	Maximum Isotropic Loss, MIL (dB)
	MIL = P_TX – P_N – Required SNR + TxBF + RxBF



2.1. Cubic Metric Evaluations on PUCCH format 0/1 base sequence
We evaluate the Cubic Metric of type-1 low PAPR sequence of Alt-1 and Alt-2 provided in the agreement for PUCCH format 0/1 base sequence.

Table 2 shows the Cubic Metric for PUCCH format 0 with multiple RBs and the sequence constructed based on the Alt-1 and Alt-2. According to table 2, it can be observed that Alt-1 shows better results than Alt-2 for each RB in all the cases other than the one with 14 RBs.

Observation 1: Alt-1 sequence design can provide better results on cubic metric evaluations for most cases with different number of RBs compared with Alt-2 sequence design.

Table 2: Cubic Metric [dB] for PUCCH format 0/1 base sequences with multiple RBs
	# of RBs
	1
	2
	4
	6
	8
	10
	12
	14
	16

	Alt-1
	1.2
	0.6
	1.5
	1.5
	1.3
	0.9
	0.8
	2.4
	0.8

	Alt-2
	1.2
	2.8
	1.8
	3.1
	2.1
	1.1
	0.9
	0.6
	1.1



From specification impact perspective, there is no big difference between Alt-1 and Alt-2 since both of them can be realized by reusing Rel-15 and 16 sequence design respectively. 

2.2. Evaluation for PUCCH format 0 with multiple RBs
We evaluate the required SNRs for detection, cubic metric and MIL performance of PUCCH format 0 based on the evaluation metric shown above.

Table 3 shows the required SNR for PUCCH format 0 sequence detection with multiple RBs with the Alt-1 and Alt-2 sequence design provided in the agreement. According to the Table 3, the required SNR decreases as the number of RBs increases for each SCS/alternative since the PUCCH detection probability is improved by the gains of frequency diversity and longer length of sequences. In addition, it can be observed that the differences between Alt-1 and Alt-2 are less than 1.0 dB in many cases in terms of the required SNR.

Observation 2: For PUCCH format 0, there is no big difference between Alt-1 and Alt-2 of sequence design in terms of the required SNR for PUCCH sequence detection.

Table 3: Required SNR [dB] for PUCCH format 0 with multiple RBs (TDL-A DS 5 ns)
	# of RBs
	1
	2
	4
	6
	8
	10
	12
	14
	16

	120
kHz
	Alt.1
	3.0
	0
	-2.7
	-4.4
	-6.0
	-6.6
	-7.0
	-8.0
	-8.5

	
	Alt.2
	2.3
	0
	-3
	-4.7
	-4.0
	-6.5
	-7.5
	-8.0
	-8.5

	480
kHz
	Alt.1
	3.5
	0.6
	-2.6
	-4.2
	-5.4
	-5.7
	-6.4
	-6.7
	-7.1

	
	Alt.2
	3.6
	0.9
	-2.2
	-3.8
	-5.2
	-5.7
	-6.3
	-6.7
	-7.1

	960
kHz
	Alt.1
	4.0
	0.7
	-1.7
	-3.3
	-4.4
	-4.5
	-5.0
	-5.0
	-4.8

	
	Alt.2
	4.3
	1.5
	-1.4
	-3.0
	-3.7
	-4.2
	-4.4
	-4.5
	-5.0



Finally, Figure 1 shows the MIL performances for PUCCH format 0 with multiple RBs considering the US and Europe transmit power regulation separately. 
For all SCSs, it can be observed that Alt-1 is slightly better than Alt-2 sequences, however, there could be no big difference between Alt-1 and Alt2 sequences. In addition, under the Europe regulation of maximum allowed conducted power, MIL is almost constant regardless of number of RBs from 1 to 16.
For 120 kHz SCS considering US regulation, the MIL is getting higher when the number of RBs is getting larger up to around 10 RBs since the required SNR for PUCCH sequence detection is improved. However, the MIL is almost constant when more than 10 RBs are allocated due to the limitation of transmission power under the regulation. 
For 480 kHz SCS considering US regulation, the MIL is getting higher when the number of RBs is getting larger up to around 4 RBs, and the MIL is almost constant when more than 4 RBs are allocated due to the limitation of transmission power under the regulation.
For 960 kHz SCS considering US regulation, the MIL is getting higher when the number of RBs is getting larger up to around 2 RBs, and the MIL is almost constant when more than 2 RBs are allocated due to the limitation of transmission power under the regulation.

Proposal 1: According to the evaluation results of Cubic Metric, required SNR on sequence detection and the MIL performance with sequence designs of Alt-1 and Alt-2, Alt-1 should be supported as the PUCCH format 0 base sequence design with multiple RBs.

Observation 3: According to the MIL performance evaluation for PUCCH format 0, 10 RBs for 120 kHz SCS, 4 RBs for 480 kHz SCS, 2 RBs for 960 kHz SCS might be large enough to achieve the highest MIL performance considering the US and Europe regulation.

Proposal 2: For PUCCH format 0, considering the MIL performance evaluation results, at least the following numbers of RBs can be considered as the maximum number of RBs for each SCS.
· 120 kHz SCS: 10RBs
· 480 kHz SCS: 4 RBs
· 960 kHz SCS: 2 RBs
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(a) SCS 120 kHz
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(b) SCS 480 kHz
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(c) SCS 960 kHz
Figure 1: MIL [dB] performance evaluation results for PUCCH format 0 with multiple RBs

2.3. Evaluation for PUCCH format 1 with multiple RBs
We evaluate the required SNRs for detection, cubic metric and MIL performance of PUCCH format 1 based on the evaluation metric shown above.

Table 4 shows the required SNR for PUCCH format 1 sequence detection with multiple RBs with the Alt-1 and Alt-2 sequence design provided in the agreement. According to the Table 4, the required SNR decreases as the number of RBs increases for each SCS/alternative since the PUCCH detection probability is improved by the gains of frequency diversity and longer length of sequences. In addition, it can be observed that the differences between Alt-1 and Alt-2 are less than 1.0 dB in many cases in terms of the required SNR.

Observation x: For PUCCH format 1, there is no big difference between Alt-1 and Alt-2 of sequence design in terms of the required SNR for PUCCH sequence detection.

Table 4: Required SNR [dB] for PUCCH format 1 with multiple RBs (TDL-A DS 5 ns)
	# of RBs
	1
	2
	4
	6
	8
	10
	12

	120 kHz
	Alt.1
	2.2
	0.3
	-2.3
	-0.5
	-2.0
	-4.0
	-4.1

	
	Alt.2
	3.6
	1.4
	0
	-1.7
	-3.1
	-3.6
	-4.0

	480 kHz
	Alt.1
	3.8
	1.3
	-3
	-3.5
	-3.7
	-4.6
	-5.9

	
	Alt.2
	3.0
	-0.2
	-2.5
	-3.5
	-4.5
	-6.0
	-6.7

	960 kHz
	Alt.1
	3.2
	0
	-3.5
	-4.0
	-5.8
	-6.4
	-7.2

	
	Alt.2
	3.5
	-0.7
	-2.9
	-4.9
	-5.2
	-6.0-
	-6.9



Finally, Figure 2 shows the MIL performances for PUCCH format 1 with multiple RBs considering the US and Europe transmit power regulation separately. 
For all SCSs, it can be observed that there could be no big difference between Alt-1 and Alt2 sequences. In addition, under the Europe regulation of maximum allowed conducted power, MIL is almost constant regardless of number of RBs from 1 to 12.
For 120 kHz SCS considering US regulation, the MIL is getting higher when the number of RBs is getting larger up to around 10 RBs since the required SNR for PUCCH sequence detection is improved. However, the MIL is almost constant when more than 10 RBs are allocated due to the limitation of transmission power under the regulation. 
For 480 kHz SCS considering US regulation, the MIL is getting higher when the number of RBs is getting larger up to around 4 RBs, and the MIL is almost constant when more than 4 RBs are allocated due to the limitation of transmission power under the regulation.
For 960 kHz SCS considering US regulation, the MIL is getting higher when the number of RBs is getting larger up to around 2 RBs, and the MIL is almost constant when more than 2 RBs are allocated due to the limitation of transmission power under the regulation.

Proposal 3: According to the evaluation results of Cubic Metric, required SNR on sequence detection and the MIL performance with sequence designs of Alt-1 and Alt-2, Alt-1 should be supported as the PUCCH format 1 base sequence design with multiple RBs.

Observation 4: According to the MIL performance evaluation for PUCCH format 1, 10 RBs for 120 kHz SCS, 4 RBs for 480 kHz SCS, 2 RBs for 960 kHz SCS might be large enough to achieve the highest MIL performance considering the US and Europe regulation.

Proposal 4: For PUCCH format 1, considering the MIL performance evaluation results, at least the following numbers of RBs can be considered as the maximum number of RBs for each SCS.
· 120 kHz SCS: 10RBs
· 480 kHz SCS: 4 RBs
· 960 kHz SCS: 2 RBs
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(a) SCS 120 kHz
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(c) SCS 960 kHz
Figure 2: MIL [dB] performance evaluation results for PUCCH format 1 with multiple RBs

3. Conclusion
In this contribution, we evaluated and discussed the base sequence design and the number of RB(s) for enhanced PUCCH format 0/1 to support NR from 52.6 GHz to 71 GHz. Based on the evaluation results and discussion above, we derived following observations and proposals.

Observation 1: Alt-1 sequence design can provide better results on cubic metric evaluations for most cases with different number of RBs compared with Alt-2 sequence design.
Observation 2: For PUCCH format 0, there is no big difference between Alt-1 and Alt-2 of sequence design in terms of the required SNR for PUCCH sequence detection.
Observation 3: According to the MIL performance evaluation for PUCCH format 0, 10 RBs for 120 kHz SCS, 4 RBs for 480 kHz SCS, 2 RBs for 960 kHz SCS might be large enough to achieve the highest MIL performance considering the US and Europe regulation.
Observation 4: According to the MIL performance evaluation for PUCCH format 1, 10 RBs for 120 kHz SCS, 4 RBs for 480 kHz SCS, 2 RBs for 960 kHz SCS might be large enough to achieve the highest MIL performance considering the US and Europe regulation.

Proposal 1: According to the evaluation results of Cubic Metric, required SNR on sequence detection and the MIL performance with sequence designs of Alt-1 and Alt-2, Alt-1 should be supported as the PUCCH format 0 base sequence design with multiple RBs.
Proposal 2: For PUCCH format 0, considering the MIL performance evaluation results, at least the following numbers of RBs can be considered as the maximum number of RBs for each SCS.
· 120 kHz SCS: 10RBs
· 480 kHz SCS: 4 RBs
· 960 kHz SCS: 2 RBs
Proposal 3: According to the evaluation results of Cubic Metric, required SNR on sequence detection and the MIL performance with sequence designs of Alt-1 and Alt-2, Alt-1 should be supported as the PUCCH format 1 base sequence design with multiple RBs.
Proposal 4: For PUCCH format 1, considering the MIL performance evaluation results, at least the following numbers of RBs can be considered as the maximum number of RBs for each SCS.
· 120 kHz SCS: 10RBs
· 480 kHz SCS: 4 RBs
· 960 kHz SCS: 2 RBs
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Appendix  A: Regulatory power limits by region
Table 5: Regulatory power limits of US and Europe
	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)

	Note: BW is the PUCCH bandwidth per hop in MHz



Appendix  B: Evaluation assumptions
Table 6: Evaluation assumptions
	Assumptions
	Value

	Carrier Frequency [GHz]
	60 GHz

	Subcarrier Spacing [kHz]
	120, 480, 960 kHz

	Number of usable RBs per carrier
	256 for 120 kHz SCS (corresponds to ~400 MHz carrier)
256 for 480 kHz SCS (corresponds to ~1600 MHz carrier)
160 for 960 kHz SCS (corresponds to ~2000 MHz carrier)

	PUCCH Frequency Hopping
	On

	PUCCH Frequency Domain Resource Mapping
	N_RB contiguous RBs per hop (with all REs allocated per PRB)

	Waveform
	CP-OFDM for PF0/1
DFT-s-OFDM for PF4

	CP Type
	Normal CP

	Channel Model
	TDL-A model as defined in of TR38.901 Section 7.7.2:
- Delay spread (DS) = {5ns, 20ns} 

	BS Antenna Configuration (Mg,Ng,M,N,P)
	{1,1,1,1,2}

	UE Antenna Configuration (Mg,Ng,M,N,P)
	{1,1,1,1,1}

	Mobility
	3 km/hr

	PA Model
	None

	gNB TRP PN Model
	Zero phase noise

	UE PN Model
	Zero phase noise

	Pre-loaded Tx EVM
	0%

	Additive Rx EVM
	0%

	I-Q Imbalance
	None

	Frequency Offset
	0 ppm

	Channel Estimation
	Realistic channel estimation
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