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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 0. As a 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 RAN1-104e, 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 provide simulation results on 1) the different base sequence type for enhanced PUCCH format 0/1; and 2) the different DMRS type for enhanced PUCCH format 4. Our proposals on these design aspects are made based on the simulation results.
Discussion
Base sequence type for PUCCH format 0/1 with more than one RB
In RAN1-104e, 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. Two alternatives have been proposed for evaluation and down-selection:
	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



In Appendix Table 1, we presented the simulation results of comparison between these two alternatives. PF0 with 2/8/16-RBs are evaluated for TDL-A channel with DS 5/10/20ns. Note that we assume that all REs within an assigned RB will be mapped even with 120kHz SCS. Secondly, even we specify the TxBF and RxBF as 0dBi, the realization of beamforming gain at both Tx and Rx may change dynamically throughout the simulation runs, based on channel estimation. Nonetheless, this will not affect the comparison between these two alternatives as both sequence types are evaluated and averaged over many simulation runs.
As it is shown in Table 1, the detection performance is almost identical in term of CINR operation point for 1% ACK-ERROR rate. As it is also expected, Alt-1, a single sequence of length equal to the total number of mapped REs of the PUCCH resource occupied, provides slightly better PAPR/CM properties at Tx side. For example, for 2-RB case, in term of 95th percentile of CM, Alt-1 has ~ 1dB gain over Alt 2; and for 8-RB case, Alt-1 has 1.5dB advantage in term of CM.
Note that in these simulation results, while Alt-2 has slightly higher CM at Tx side, it does not always lead to coverage/MIL loss. If we examine the Table 3 of regulatory power limits across regions of US, Europe, and South Korea, the US region has most stringent power limit in term of occupied bandwidth.  More specifically, in US region, the conducted power limit as a function of BW per hop is given by Pmax_P = 27 dBm – 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. In these simulation results, with assumptions that UE_P=21dBm, UE_EIRP=40dBm, 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 below 20MHz and with the given various transmit power limitations, 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. Thus, the slightly CM loss in Alt-2 does not lead to coverage loss in these examples.
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.
In summary, based on the simulation results, we may make following observations:
[bookmark: o1to2]Observation 1: While Alt-2 has slightly worse CM compared to Alt-1, it may not lead to coverage loss when the transmission power is limited by PUCCH bandwidth.
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.

DMRS sequence type for PUCCH format 4 with more than one RB
For 60GHz unlicensed band, it has been agreed to allow PUCCH PF4 to occupy multiple contiguous RBs. One arising question is the DMRS sequence design when a PUCCH PF4 utilizes multiple RBs. In RAN1-104e, following two alternatives has been proposed for further evaluation:
	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



In this section, we discussed the performance of DMRS with Alt-1 and Alt-2 in term of coverage and specification impact.
If we compare the DMRS sequence for enhanced PF4 with the base sequence type for enhanced PF 0/1, it is easy to see that fundamentally these are the same issue from the PAPR/CM perspective. Both Alt-1 for base sequence of PF0 and alt-1 for DMRS of PF4 are to use a single sequence of length equal to the total number of mapped REs, while the Alt-2s are to use a single sequence of length equal to the number of mapped REs per PRB, with cyclic shift ramping across different RBs.  We would expect the similar PAPR/CM issue associate with Alt-2 compared with Alt-1. In appended Table 2, we provide the simulation results in term of both detection performance at Rx side and PAPR/CM at Tx side. Similarly, as the case for base sequence with PUCCH Format 0, both alternatives require similar CINR operation point in term of 1% BLER, while Alt-2 has slightly higher PAPR/CM at Tx side.
Note that for PUCCH format 4, OCC spreading in time domain is equivalent to frequency domain comb mapping. For example, it is easy to show that data symbols with OCC={1 1} time domain spreading only occupy even tones in frequency domain, and data symbols with OCC={1 -1} time domain spreading only occupy odd tones. Thus, it is easy to configure different UEs with different OCC such that they are non-overlapping in frequency domain, even these UEs are assigned different number of RBs and all use long sequence with length of individual total mapped REs.

Based on above discussion, we have following proposal:
[bookmark: p2]Proposal 2: For DMRS of enhanced PF4, support 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 way as Rel-15/16 for PF4.

DFT Precoding and OCC Mapping for PUCCH PF4
In meeting RAN1-104e, it has been agreed to down select one of the following two alternatives for blockwise spreading:
	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




The supported OCC length (2,4) in Rel-15 and 16 already provides enough flexibility for UE multiplexing. With higher carrier frequency and more narrower beams for 60GHz band, which usually leads to fewer UEs located in the same beam compared to lower carrier frequency band, it is hard to justify the need to support additional OCC length besides 2 and 4.
[bookmark: p3]Proposal 3: For UCI of enhanced PF4, support pre-DFT blockwise spreading factor of length 2 and 4 as defined in Rel-16-PF4, no additional OCC length are supported.

In term of comparison of Alt-1 and Alt-2 for the blockwise spreading, the issue with Alt-2 is the PAPR/CM at Tx side. As the pre-DFT-OCC is done per PRB, the repetition will lead to higher PAPR compared to Alt-1, thus CM/PAPR mitigation may be needed and this will increase complexity. It is with the same rationale that we proposed to use long sequence for DMRS symbol for enhanced PUCCH PF4, that we make following proposal:
[bookmark: p4]Proposal 4: For UCI of enhanced PF4, blockwise spreading is performed across all allocated RBs

Other Open issues
In RAN1-104e, it has also been agreed that for multi-RB PUCCH 0/1/4, all REs with each RB are mapped for 480/960kHz SCS. Two alternatives are still on the table for the case of 120kHz SCS: Alt-1 is to occupy all REs within each RB while Alt-2 is to consider sub-PRB interlaced mapping. We see multi-fold advantages of Alt-1 over Alt-2 for 120kHz SCS. First, Alt-1 allows the same RE mapping algorithm for 120/480/960kHz SCS, which would significantly reduce complexity across different SCSs. Secondly, sub-PRB mapping requires a lot of specification effort as it has always been full-PRB mapping for PUCCHs in release 15/16.
We thus propose:
[bookmark: p5]Proposal 5: For enhanced (multi-RB) PUCCH Formats 0/1/4 for 120kHz SCS, support allocation of contiguous RBs, and all REs within each RB are mapped

In RAN1-104e, it has also reached following agreement:
	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.



As we discussed above in sub-section 2.1, Alt-2 for base sequence of PF0/1 makes it easy to maintain orthogonality among multiplexed PUCCH PF0/1 from different UEs, even these UEs are configured with different number of RBs. By allowing multiplexing UEs with different number of RBs, it gives gNB more flexibility.

We thus propose:
[bookmark: p6]Proposal 6: For multi-RB PUCCH 0/1, NR supports multiplexing of users with misaligned RB allocations under the condition that Alt-2 is adopted for base sequence and cyclic shift ramping is used as Rel-16.

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 1: While Alt-2 has slightly worse CM compared to Alt-1, it may not lead to coverage loss when the transmission power is limited by PUCCH bandwidth.
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 DMRS of enhanced PF4, support 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 way as Rel-15/16 for PF4.
Proposal 3: For UCI of enhanced PF4, support pre-DFT blockwise spreading factor of length 2 and 4 as defined in Rel-16-PF4, no additional OCC length are supported.
Proposal 4: For UCI of enhanced PF4, blockwise spreading is performed across all allocated RBs
Proposal 5: For enhanced (multi-RB) PUCCH Formats 0/1/4 for 120kHz SCS, support allocation of contiguous RBs, and all REs within each RB are mapped
Proposal 6: For multi-RB PUCCH 0/1, NR supports multiplexing of users with misaligned RB allocations under the condition that Alt-2 is adopted for base sequence and cyclic shift ramping is used as Rel-16.
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Appendix
Table 1. Simulation results of different base sequences for PUCCH Format 0
	Parameter
	Value
	Notes

	PUCCH Format
	PF0
	PF0, PF1, PF4

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

	Channel Model
	TDL-A, DS=5ns
	TDL-A, DS=5ns
	TDL-A, 
DS=10ns
	TDL-A, 
DS=10ns
	TDL-A, 
DS=20ns
	TDL-A, 
DS=20ns
	

	Number of usable RBs per Carrier
	256
	

	Frequency hopping details
	None
	Frequency offset between hops,

	Number of RBs used per hop (N_RB)
	2
	2
	8
	8
	16
	16
	N_RB contiguous RBs per hop

	PUCCH bandwidth per hop, BW [MHz]
	2.88
	2.88
	11.52
	11.52
	23.04
	23.04
	BW = N_RB * 12 * SCS / 1e6

	Number of OFDM symbols used for PUCCH resource
	1
	1 or 2 for PF0
{4 .. 14} for PF1/4

	Sequence construction details
	Alt-1
	Alt-2
	Alt-1
	Alt-2
	Alt-1
	Alt-2
	Sequence type for PF0/1
Sequence type for DMRS of PF4

	Cyclic shift configuration details
	See Note [2]
	See Note [3]
	See Note [2]
	See Note [3]
	See Note [2]
	See Note [3]
	For PF0/1
For DMRS of PF4

	PUCCH payload size(s) (bits)
	1
	

	Required SNR (dB)
	4.40
	4.38
	-3.04
	-3.00
	-7.19
	-7.14
	Required SNR needed to fulfil detection criterion, from link level simulations based on Table 1 (see Notes (1) at bottom of table for definition of detection criteria for PF 0/1/).

	Cubic Metric, CM (dB)
	0.59
	1.45
	0.16
	1.64
	-0.97
	1.04
	Reported value is the 95th percentile, i.e., the CM for which 95% of all sequences of the design fall below

	UE Tx Beamforming gain (dBi)
	0
	

	BS Rx Beamforming gain (dBi)
	0
	

	UE Power Limitations
	UE_EIRP = 40dBm, UE_P = 21 dBm

	

	Pmax (dBm)
	11.59
	11.59
	17.61
	17.61
	20.62
	20.62
	Maximum allowed conducted power considering combined limit per region (from Table 3).

	Backoff (dB)
	0.59
	1.45
	0.16
	1.64
	-0.97
	1.04
	Power backoff is equal to the cubic metric, CM

	Transmit power, P_TX (dBm)
	11.59
	11.59
	17.61
	17.61
	20.62
	19.96
	Maximum allowed transmit power including UE power limitation and backoff

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

	Noise power, P_N (dBm)
	-102.41
	-102.41
	-96.39
	-96.39
	 -93.38
	-93.38
	BS Noise Figure, NF = 7 dB
Noise PSD = -174 dBm/Hz

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

Note: BW is the PUCCH bandwidth per hop in MHz

	Maximum Isotropic Loss, MIL (dB)
	109.60
	109.60
	117.04
	117.00
	121.19
	120.47
	MIL = P_TX – P_N – Required SNR + TxBF + RxBF

	(1) Definition of detection criteria for PF0/1/: 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.
(2) For PF0 with Alt-1, Mcs=0/6M for NACK/ACK, where M is total number of REs (12*Number_of_RB)
(3) For PF0 with Alt-2, Mcs=0/6 for NACK/ACK, cyclic shift across RBs is similar as Re1-16 PF0 with interlaced design




Table 2. Simulation results of different DMRS sequences for PUCCH Format 4
	Parameter
	Value
	Notes

	PUCCH Format
	PF4
	

	Subcarrier spacing, SCS [kHz]
	120
	

	Channel Model
	TDL-A DS=5ns
	

	Frequency hopping details
	FH enabled; 2 hops are separated by 42 RBs 
	Frequency offset between hops,

	Number of RBs used per hop (N_RB)
	2
	2
	4
	4
	8
	8
	N_RB contiguous RBs per hop

	PUCCH bandwidth per hop, BW [MHz]
	2.88
	2.88
	5.76
	5.76
	11.52
	11.52
	BW = N_RB * 12 * SCS / 1e6

	Number of OFDM symbols used for PUCCH resource
	9
	{4 .. 14} for PF1/4

	Sequence construction details
	Alt-1
	Alt-2
	Alt-1
	Alt-2
	Alt-1
	Alt-2
	Sequence type for DMRS of PF4

	OCC configuration details
	OCC Length=4, 4 UEs multiplexed with OCC
	Applicable for PF1, PF4


	Cyclic shift configuration details
	DMRSs for different UEs are applied with cyclic shift ramping with alpha=  2*pi*(i/4)
	For DMRS of PF4

	Number of multiplexed users, e.g., by code division, if applicable
	4
	

	PUCCH payload encoder type
	Reed Muller
	Polar
	Reed Muller or Polar for PF4

	PUCCH payload size(s) (bits)
	4
	4
	11
	11
	22
	22
	

	PUCCH encoding rate(s)
	0.048
	0.048
	0.066
	0.066
	0.066
	0.066
	Encoding rate is  (NumOfInfoBits/(NumofDataSymbol*NumOfRBPerDataSymbol*12*2)*4. QPSK is used and 4 UE OCC multiplexing

	Required SNR (dB)
	-6.20
	-5.84
	-5.51
	-5.49
	-7.29
	-7.29
	Required SNR needed to fulfil detection criterion, from link level simulations based on Table 1 (see Notes (1) at bottom of table for definition of detection criteria for PF4).

	Cubic Metric, CM (dB)
	0.59
	1.45
	-0.94
	2.49
	0.16
	1.64
	Reported value is the 95th percentile, i.e., the CM for which 95% of all sequences of the design fall below

	UE Tx Beamforming gain (dBi)
	0
	

	BS Rx Beamforming gain (dBi)
	0
	

	UE Power Limitations
	UE_EIRP = 40dBm, UE_P = 21 dBm

	

	Pmax (dBm)
	11.59
	11.59
	14.60
	14.60
	17.61
	17.61
	US region 

	Backoff (dB)
	0.59
	1.45
	-0.94
	2.49
	0.16
	1.64
	Power backoff is equal to the cubic metric, CM

	Transmit power, P_TX (dBm)
	11.59
	11.59
	14.60
	14.60
	17.61
	17.61
	Maximum allowed transmit power including UE power limitation and backoff

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

	Noise power, P_N (dBm)
	-102.41
	-102.41
	-99.40
	-99.40
	-96.36
	-96.36
	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)
	120.20
	119.84
	119.51
	119.49
	121.29
	121.29
	MIL = P_TX – P_N – Required SNR + TxBF + RxBF

	1. Definition of detection criteria for PF4 (payload greater than 2 bits): the detection criterion is the UCI block error probability BLER ≤ 1% (as in TS38.104 Section 8.3.6)
2. 



Table 3: 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
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