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1	Introduction
The following agreements were made in RAN1#104-e:Agreement #1:
· 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 #2:
· 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 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



The main open issues in these agreements which we address in this contribution are as follows:Agreement #3:
For enhanced (multi-RB) PUCCH Formats 0/1/4 for 120/480/960 kHz SCS, support allocation of N_RB contiguous RBs
· FFS: Values of N_RB for each SCS
· For 480/960 kHz SCS, all REs within each RB are mapped
· Note: PRB and sub-PRB interlaced mapping is not considered further
· For 120 kHz SCS, further discuss the following two alternatives:
· Alt-1: All REs within each RB are mapped
· Note: PRB and sub-PRB interlaced mapping is not considered further
· Alt-2: Subset of REs within each RB are mapped (sub-PRB interlaced mapping)
Agreement #4:
· 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
 
Agreement #5:
· 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

· Agreement #1:
· Number of RBs to support for enhanced PF 0/1/4 for each SCS (120, 480, and 960 kHz)
· Agreement #2:
· Sequence construction details for enhanced PF0/1
· Single long sequence vs. repeated short sequence with cyclic shift cycling
· Agreement #3:
· RE mapping details for enhanced PF0/1 for 120 kHz SCS
· Contiguous mapping vs. sub-PRB interlaced mapping
· Agreement #4:
· DMRS sequence construction details for enhanced PF4
· Single long sequence vs. repeated short sequence with cyclic shift cycling
· Agreement #5:
· For UCI of enhanced PF4:
· Whether or not to support OCC length > 4
· Details of pre-DFT blockwise spreading
· Over all RBs vs. per-RB with PAPR/CM mitigation scheme
[bookmark: _Ref178064866]2	Discussion
2.1	Number of Resource Blocks
In Rel-15/16, the non-interlaced PUCCH formats 0, 1 and 4 support only one RB transmission bandwidth. Rel-17 enhancements of PUCCH formats 0, 1 and 4 by increasing the number of RBs are to be considered for the potential to increase transmit powers under PSD limitation. However, there are additional regulatory requirements and operation limitations to consider in addition to the PSD limitation, specifically:
· Maximum conducted power
· Maximum EIRP
· Maximum power spectral density
· UE hardware conducted power limit
· UE transmission EIRP limit
These limits are shown in Table 1 and Table 2 which were ageed as part of the evaluation assumptions in previous meeting (see Section 2.3 of [1]). For the purposes of discussion, Table 3 provides a conversion of the UE power limits in Table 2 such that those limits are expressed in terms of maximum conducted power, consistent with Table 1.

[bookmark: _Ref68162587][bookmark: _Ref68171243]Table 1: Regulatory power limits per region (from Section 2.3 of [1])
	Region
	Maximum Conducted Power, Pmax (dBm)

	US
	Conducted power limit due to EIRP limit:
     Pmax_EIRP = 40 dBm – TxBF [referred to as "FCC EIRP"]

Conducted power limit as a function of PUCCH BW per hop:
     Pmax_P = 27 dBm – max(0, 10*log10(100 / BW)) [referred to as "FCC 100 MHz"]

Combined limit:
     Pmax = min(Pmax_P, Pmax_EIRP)

	Europe
	Conducted power limit due to EIRP limit:
     Pmax_EIRP = 40 dBm – TxBF [referred to as "ETSI EIRP"]

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 [referred to as "ETSI PSD"]

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 [referred to as "SK EIRP"]

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 [referred to as "SK PSD"]

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 [1])
	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



[bookmark: _Ref68595708]Table 3: UE power limitations expressed in terms of maximum conducted power, c.f. Table 2
	UE Power Limitations expressed in terms of maximum conducted power
	Conducted power limit due to UE EIRP:
     Pmax_EIRP = 25 dBm – TxBF [referred to as "UE EIRP"]

Conducted power limit due to UE_P:
     Pmax_P = 21 dBm – backoff [referred to as "UE HW"; backoff is the 95th percentile cubic metric (CM)]

Combined limit:
     Pmax = min(Pmax_P, Pmax_EIRP)



In Figure 1, we illustrate the conducted power limits as a function of the transmission bandwidths assuming 6 dB beamforming gain. Illustrations are presented per region: US, Europe and South Korea. In Figure 1, the yellow line ("UE HW") is shown assuming no backoff for simplicity; however, in our evaluation results we account for backoff due to 95th percentile cubmit metric (CM).  Ultimately, it is the lower envelope of all curves in Figure 1 that sets the conducted power limit for the UE for each region.
(a) US							    (b) EU
[image: ][image: ]
(c) South Korea
[image: ]
[bookmark: _Ref67484565]Figure 1: Regulatory and UE limits on conducted power depending on transmission bandwidth assuming 6 dB Tx-beamforming gain and 0 dB cubic metric.

Considering the lower envelope of lines in each of the plots in Figure 1, we can observe that for US and South Korea the conducted power limit increases with transmission bandwidth but only up to a point. In Europe the region where increasing bandwidth allows a higher transmission power is much smaller. For all regions, increasing the bandwidth beyond a certain limit does not increase the transmission power. More specifically, with high enough antenna beamforming gain, the number of RBs should not be increased beyond the point where the line corresponding to the PSD requirement for each region “FCC 100MHz”, “ETSI PSD” and “SK PSD” crosses over the line corresponding to “UE EIRP”. Further increasing transmission bandwidth beyond this point would only take in more noise power without the ability to increase the transmission power to compensate. 
In the following subsections, we analyze the maximum useful bandwidth for PUCCH for each region considering the limits shown in Figure 1. Later, we provide evaluation results that confirm the results of this analysis.
2.1.1	Bandwidth analysis for US
For the US, the cross-over point between “FCC 100MHz” and “UE EIRP” can be evaluated from the following expression
Solving for the bandwidth results in

On the other hand, for cases with low beamforming gains, the “UE HW” limit may become more limiting than the “UE EIRP” limit. For these cases, the cross-over point between “FCC 100MHz” and “UE HW” can be evaluated from the following expression
Solving for the bandwidth results in

In Table 4, we list the transmission bandwidth targets for different UE beamforming gain levels considering the regulatory requirements and operation limitations discussed in the above that are applicable in the US. It can be observed that the transmission bandwidth targets depend directly on the equipped antenna beamforming gains.

[bookmark: _Toc68635978]The transmission bandwidth targets in the US for Rel-17 PUCCH enhancements depend directly on the UE antenna beamforming gains. RAN1 should design the Rel-17 PUCCH enhancements based on realistic and likely UE antenna beamforming gains.
[bookmark: _Ref61446974]Table 4: PUCCH transmission bandwidth target as a function of UE beamforming gain, valid in the US. For Tx BF gain ≥ 4 dBi, UE EIRP becomes limiting rather than UE HW.
	Tx BF gain (dBi)
	Max BW [MHz]

	0
	25.1 (UE HW limiting)

	2
	25.1 (UE HW limiting)

	4
	25.1

	6
	15.8

	8
	10.0

	10
	6.3

	12
	4.0



Assuming a beamforming gain of 6 dB, the transmission bandwidth target is 15.8 MHz. For the three sub-carrier spacings supported for 52.6 – 71 GHz, we evaluate the occupied bandwidths with different number of resource blocks in Table 5. We further color-code the SCS-BW combinations as follows:
· White cell indicating a possible combination (conducted power limit not reached)
· Yellow cell indicating a partially limited combination (bandwidth exceeds intersection point but some transmission power gain still possible compared to using one fewer RB.)
· Red cell indicating a limited combination (i.e., bandwidth exceeds intersection point and is unnecessarily large)
According to the above analysis, the maximum number of useful RBs for Rel-17 PUCCH enhancement is 11, 3, and 2 RBs for 120, 480, and 960 kHz SCS, respectively. If a different beamforming gain is considered, the red region will be shifted to the right for a lower assumed beamforming gain or to the left for a higher assumed beamforming gain.
[bookmark: _Toc68635979]Assuming a likely UE beamforming gain of 6 dB, the maximum number of useful RBs in the US for Rel-17 PUCCH enhancement is 11, 3, and 2 RBs for 120, 480, and 960 kHz, respectively.
[bookmark: _Ref61448736]Table 5: Bandwidth (MHz) for different combinations of subcarrier spacing and number of RBs. Maximum number of RBs for enhanced PUCCH format 0, 1 and 4 assuming a Tx beamforming gain of 6 dB (max 15.8MHz) is illustrated with color coding (see text). Valid in the US. 
	RBs
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18

	120 kHz
	1.4
	2.9
	4.3
	5.8
	7.2
	8.6
	10.1
	11.5
	13.0
	14.4
	15.8
	17.3
	18.7
	20.2
	21.6
	23.0
	24.5
	25.9

	480 kHz
	5.8
	11.5
	17.3
	23.0
	28.8
	34.6
	40.3
	46.1
	51.8
	57.6
	63.4
	69.1
	74.9
	80.6
	86.4
	92.2
	97.9
	>100

	960 kHz
	11.5
	23.0
	34.6
	46.1
	57.6
	69.1
	80.6
	92.2
	>100
	>100
	>100
	>100
	>100
	>100
	>100
	>100
	>100
	>100



2.1.2	Bandwidth analysis for Europe
For Europe, the cross-over point between “ETSI PSD” and “UE EIRP” can be evaluated from the following expression 
Solving for the bandwidth results in

In contrast to the US, the maximum bandwidth does not depend on the Tx beamforming gain. We note that 1.6 MHz is just above 1 PRB for 120 kHz SCS and below 1 PRB for 480 kHz and 960 kHz SCS. Because of this using more than 1-2 PRBs for 120 kHz SCS and more than 1 PRB for 480 kHz and 960 kHz in Europe is unnecessary and does not allow the use of any more transmission power.
[bookmark: _Toc68635980]The maximum useful number of RBs in Europe for Rel-17 PUCCH enhancement is 1-2 RBs for 120 kHz SCS and 1 RB for 480 kHz and 960 kHz SCS.
2.1.3	Bandwidth analysis for South Korea
For South Korea, the cross-over point between “SK PSD” and “UE EIRP” can be evaluated from the following expression
Solving for the bandwidth results in

In contrast to the US, the maximum bandwidth does not depend on the Tx beamforming gain. Interestingly, for the special case of 6 dB Tx antenna gain as agreed in the evaluation assumptions [1], the bandwidth at the respective cross-over points for the US and South Korea end up being equal (15.8 MHz). Since that the conducted power limit is the same for the US and South Korea under the assumption of 6 dB Tx antenna gain, their link budgets are identical for all cases, which can be seen in the evaluations in the Appendix.
Note that while we assume the lower of the two "SK-EIRP" limits for South Korea (27 dBm/MHz used in Figure 1(c) instead of 43 dBm/MHz); this does not change the above conclusion on bandwidth since the UE limitations are more restrictive.
[bookmark: _Toc68635981]Under the agreed assumption on a Tx beamforming gain of 6 dB and for contiguous allocations, the link budgets for the US and South Korea becomes identical.
2.2	Evaluation of PUCCH format 0, 1 and 4 with multiple RBs
We evaluate the candidate Rel-17 PUCCH format 0, 1 and 4 with multiple RBs using the preferred Rel-15 base sequence definition as discussed in the next section. General simulation assumptions are provided in Table 9 and Table 10 of Appendix A according to the agreements from RAN1#104e. Other specific simulation assumptions are further specified in the following analysis. We obtain results for
· Rel-15/16 contiguous RB PUCCH formats with one RB as baseline
· Candidate Rel-17 PUCCH formats with multiple contiguous RBs
Frequency hopping is enabled for both the baseline and the Rel-17 candidates with the following assumptions on system bandwidth:
· 400 MHz (256 RBs) for 120 kHz SCS 
· 1600 MHz (256 RBs) for 480 kHz SCS
· 2000 MHz (160 RBs) for 960 kHz SCS
To compare the various schemes, we summarize the results in terms of maximum isotropic loss (MIL). The conversion from the operating SNR points obtained from the link simulations to the maximum isotropic loss is performed according to the parameters and assumptions listed in Table 6 that were agreed in RAN1#104e (see Section 2.3 of [1]).
[bookmark: _Ref67654888]Table 6: Reporting Metrics (from Section 2.3 of [1])
	Parameter
	Value
	Notes

	PUCCH Format
	Defined per evaluation scenario
	PF0, PF1, PF4

	Subcarrier spacing, SCS [kHz]
	Defined per evaluation scenario
	SCS = {120, 480, 960} kHz

	Frequency hopping details
	Hopping between edges of system bandwidth
	Frequency offset between hops,

	Number of RBs used per hop (N_RB)
	Reported per evaluation scenario
	N_RB contiguous RBs per hop

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

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

	Sequence construction details
	Type 1 low PAPR sequences as in Rel-15 TS38.211 Section 5.2.2.
	Sequence type for PF0/1
Sequence type for DMRS of PF4

	OCC configuration details
	According to Rel-15 TS 38.211 Sections 6.3.2.4, 6.3.2.6, and 6.4.1.3
	Applicable for PF1, PF4


	Cyclic shift configuration details
	PF0: {0,1} for 1-bit payload / {0,1,2,3} for 2-bit payload.
PF1: {0}
PF4: According to Rel-15 TS 38.211 Section 6.4.1.3.3.1   
	For PF0/1
For DMRS of PF4

	Number of multiplexed users, e.g., by code division, if applicable
	1
	1 user

Note: Companies to report if other cases if evaluated

	PUCCH payload encoder type
	According to Rel-15 specifications
	Reed Muller or Polar for PF4

	PUCCH payload size(s) (bits)
	
PF0/1: {1,2}
PF4: {4, 11, 22}
	For PF4, at least the following values should be considered:
· Low: 4 bits
· Moderate: 11 bits
· High: 22 bits 
Maximum isotropic loss (see calculation below) to be reported for each PUCCH payload size

	PUCCH encoding rate(s)
	
	Applicable for PF4
If multiple payload sizes evaluated, encoding rates to be reported for each payload size

	Required SNR (dB)
	Calculated per evaluation scenarioand used in MIL calculation but required SNR not separately reported.

	Required SNR needed to fulfil detection criterion, from link level simulations based on Table 9 and Table 10 in Appendix A (see Notes (1) and (2) at bottom of table for definition of detection criteria for PF 0/1/4).

	Cubic Metric, CM (dB)
	Calculed per evaluation scenarioand used in MIL calculation, but CM not separately reported
	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)
	6 dBi
	TxBF = 6 dBi

Notes:
1. TxBF includes antenna element gain
1. If other TxBF value(s) used, companies to report value(s)

	BS Rx Beamforming gain (dBi)
	20 dBi
	RxBF = 20 dBi

Notes:
1. RxBF includes antenna element gain
1. If other RxBF value(s) used, companies to report value(s)

	UE Power Limitations
	UE_EIRP = 25 dBm
UE_P = 21 dBm

	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

	Pmax (dBm)
	See Table 1.
Minimum value per region.
	Maximum allowed conducted power considering combined limit per region (from Table 1).

Note:Companies should report if Pmax is considered per region or a combined limit is considered across multiple regions

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

Note: If cubic metric is not used, information on the backoff metric used should be provided.

	Transmit power, P_TX (dBm)
	Calculed per evaluation scenario and used in MIL calculation, but P_TX not separately reported
	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)
	Calculed per evaluation scenario and used in MIL calculation, but P_N not separately reported
	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)
	Reported per evaluation scenario.
	MIL = P_TX – P_N – Required SNR + TxBF + RxBF

	Definition of detection criteria for PF0/1/4:

(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 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)



A full set of MIL performance cases sorted by region is available in Appendix B, detailed analysis are available in Section 2.2.1, 2.2.2 and 2.2.3 for PUCCH format 0, 1 and 4 respectively. For these evaluations, we performed an extensive set of link simulations to determine the required SNR for a broad range of scenarios. We then calculate MIL for each individual scenario according to the following expression in-line with the agreed evaluation assumptions in Table 6: 

2.2.1	PUCCH Format 0
[bookmark: _Hlk67991930]We evaluate PUCCH format 0 with two OFDM symbols (OS) in length carrying one or two payload bits. Section 2.1.3 showed that the performance is identical in US and South Korea which is also verified in Appendix B. Therefore US and South Korea are analysed together. 
2.2.1.1 US / South Korea
The MIL performance with a single UE is presented in Figure 2. 
(a) 120 kHz
[image: ]
(b) 480 kHz
[image: ]
(c) 960 kHz
[image: ]
[bookmark: _Ref67986522]Figure 2: US / South Korean performance of PUCCH format 0, (a) 120 kHz, (b) 480 kHz and (c) 960 kHz SCS, 5 ns delay spread. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.
It can be observed that
· For 120 kHz SCS, increasing the number of RBs provides MIL gains up to 10 RBs where the performance increase levels out. Increasing the number of RBs beyond 10 does not improve performance.
· For 480 kHz SCS, increasing the number of RBs provides MIL gains up to 3 RBs where the performance increase levels out. Increasing the number of RBs beyond 3 does not improve performance.
· For 960 kHz SCS, increasing the number of RBs provides MIL gains up to 2 RBs where the performance increase levels out. Increasing the number of RBs beyond 2 does not improve performance.
The above observations fits very well with the conclusions drawn in the bandwidth analysis in Section 2.1.1, i.e. the reason for why performance does not increase above a certain number of RBs is because of transmission power limitations as can also be seen in Figure 1 (a) and (c).
[bookmark: _Toc68635982]For the US and South Korean regions, increasing the number of RBs for PUCCH format 0 provides MIL gains up to a certain point. The maximum useful number of RBs is 10, 3, and 2 RBs for 120, 480, and 960 kHz SCS, respectively.

2.2.1.2 Europe
The MIL performance with a single UE is presented in Figure 3. 
(a) 120 kHz
[image: ]
(b) 480 kHz
[image: ]
(c) 960 kHz
[image: ]
[bookmark: _Ref67988810]Figure 3: European performance of PUCCH format 0, (a) 120 kHz, (b) 480 kHz and (c) 960 kHz SCS, 5 ns delay spread. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.
It can be observed that
· For 120 kHz, 480 kHz and 960 kHz SCS, increasing the number of RBs from 1 to 2 provides minor gains in MIL. Increasing the number of RBs beyond 2 provides no gains at all.
As concluded in Section 2.1.2 performance increase can be expected up to a bandwidth of 1.6 MHz, see also Figure 1 (b), the bandwidth of a single PRB in the 120 kHz SCS case is just below 1.6 MHz. The bandwidths of a single PRB for 480 kHz and 960 kHz SCS are above 1.6 MHz. This is the reason why the gains of going from 1 to 2 RBs for 120 kHz is larger than the gains for 480 kHz and 960 kHz which are much smaller.
Figure 3 (a) shows that the performance for PF0 120 kHz 5ns delay spread flattens out after 2 RBs. The transmission power cannot be increased above 2 RBs but the noise increases with every added RB. The reason why the performance flattens out is because the added noise is compensated by a lower SNR operating point due to the use of longer sequences. The SNR operating point is able to compensate for the noise as long as the channel remains relatively constant within the signal bandwidth, providing an opportunity for processing gain in channel estimation. Clearly this opportunity diminishes with larger delay spreads (e.g., 20 ns) as can be seen in Figure 4 where the performance degrades as the signal bandwidth increases above 2 or 3 RBs.
[image: ]
[bookmark: _Ref67989610]Figure 4: European performance of PUCCH format 0, 120 kHz 20 ns delay spread. The left group is for 1-bit payloads and the right group is for 2-bit payloads.

[bookmark: _Toc68635983]For the European region increasing the number of RBs for PUCCH format 0 does not always provide MIL gains. The maximum useful number of RBs is 2, 1, and 1 RBs for 120, 480, and 960 kHz SCS, respectively.

2.2.2	PUCCH Format 1
We evaluate PUCCH format 1 with four OS in length carrying one or two payload bits. Section 2.1.3 showed that the performance is identical in US and South Korea which is also verified in Appendix B. Therefore US and South Korea are analysed together. 
2.2.2.1 US / South Korea
The MIL performance with a single UE is presented in Figure 5. 
(a) 120 kHz
[image: ]
(b) 480 kHz
[image: ]
(c) 960 kHz
[image: ]
[bookmark: _Ref67990349]Figure 5: US / South Korean performance of PUCCH format 1, (a) 120 kHz, (b) 480 kHz and (c) 960 kHz SCS, 5 ns delay spread. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.
It can be observed that the relation between the number of RBs and the performance is similar to PUCCH format 0 and that the same conclusions can be drawn as in Section 2.2.1.1.
[bookmark: _Toc68635984]For the US and South Korean regions, increasing the number of RBs for PUCCH format 1 provides MIL gains up to a certain point. The maximum useful number of RBs is 10, 3, and 2 RBs for 120, 480, and 960 kHz SCS, respectively.

2.2.2.2 Europe
The MIL performance with a single UE is presented in Figure 6. 
(a) 120 kHz
[image: ]
(b) 480 kHz
[image: ]
(c) 960 kHz
[image: ]
[bookmark: _Ref67990394]Figure 6: European performance of PUCCH format 1, (a) 120 kHz, (b) 480 kHz and (c) 960 kHz SCS, 5 ns delay spread. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.
It can be observed that the relation between the number of RBs and the performance is similar to PUCCH format 0 and that the same conclusions can be drawn as in Section 2.2.1.2.

[bookmark: _Toc68635985]For the European region, increasing the number of RBs for PUCCH format 1 does not always provide MIL gains. The maximum useful number of RBs is 2, 1, and 1 RBs for 120, 480, and 960 kHz SCS, respectively.

2.2.3	PUCCH Format 4
We evaluate PUCCH format 4 with four OS in length carrying 3 to 25 payload bits. Section 2.1.3 showed that the performance is identical in US and South Korea which is also verified in Appendix B. Therefore US and South Korea are analysed together. 
2.2.3.1 US / South Korea
The MIL performance with a single UE is presented in Figure 7.
(a) 120 kHz
[image: ]
(b) 480 kHz
[image: ]
(c) 960 kHz
[image: ]
[bookmark: _Ref67992045]Figure 7: US / South Korean performance of PUCCH format 4, (a) 120 kHz, (b) 480 kHz and (c) 960 kHz SCS, OCC level 2, single user. In each subplot, bars are grouped according to 4, 11 and 22 bits payload. Note that the missing bars for 22 bits payload and 1 or 2 RBs are because it is not possible to convey 22 bits on only 1 or 2 RBs. Other bars that are represented in the legend but missing in the figure have a performance that falls below the shown range.
It can be observed that
· For 120 kHz SCS, increasing the number of RBs provides MIL gains up to 10 RBs where the performance increase levels out. Increasing the number of RBs beyond 10 does not improve performance, note that not all number of RBs have been simulated.
· For 480 kHz SCS, increasing the number of RBs provides MIL gains up to 3 RBs where the performance increase levels out. Increasing the number of RBs beyond 3 does not improve performance.
· For 960 kHz SCS, increasing the number of RBs provides MIL gains up to 2 RBs where the performance increase levels out. Increasing the number of RBs beyond 2 does not improve performance.
Same as for PUCCH format 0 and 1 the above observations fits very well with the conclusions drawn in the bandwidth analysis in Section 2.1.1, i.e. the reason for why performance does not increase above a certain number of RBs is because of transmission power limitations as can also be seen in Figure 1 (a) and (c).
[bookmark: _Toc68635986]For the US and South Korean regions, increasing the number of RBs for PUCCH format 4 provides MIL gains up to a certain point. The maximum useful number of RBs is 10, 3, and 2 RBs for 120, 480, and 960 kHz SCS, respectively.

2.2.3.2 Europe
The MIL performance with a single UE is presented in Figure 8.
(a) 120 kHz
[image: ]
(b) 480 kHz
[image: ]
(c) 960 kHz
[image: ]
[bookmark: _Ref67992954]Figure 8: European performance of PUCCH format 4, (a) 120 kHz, (b) 480 kHz and (c) 960 kHz SCS, OCC level 2, single user. In each subplot, bars are grouped according to 4, 11 and 22 bits payload. Note that the missing bars for 22 bits payload and 1 or 2 RBs are because it is not possible to convey 22 bits on only 1 or 2 RBs. Other bars that are represented in the legend but missing in the figure have a performance that falls below the shown range.
It can be observed that
· For 120 kHz SCS, increasing the number of RBs from 1 to 2 provides minor gains in MIL. Increasing the number of RBs beyond 2 provides no gains at all.
· For 480 kHz and 960 kHz SCS, increasing the number of RBs from 1 to 2 provides no or very small gain in MIL.
[bookmark: _Hlk67993883]Same as for PUCCH format 0 and 1 and concluded in Section 2.1.2 performance increase can be expected up to a bandwidth of 1.6 MHz, see also Figure 1 (b), the bandwidth of a single PRB in the 120 kHz SCS case is just below 1.6 MHz. The bandwidths of a single PRB for 480 kHz and 960 kHz SCS are above 1.6 MHz. This is the reason why there is a gain going from 1 to 2 RBs for 120 kHz, but no gain going from 1 to 2 RBs for 480 kHz and 960 kHz.
[bookmark: _Toc68635987]For the European region, increasing the number of RBs for PUCCH format 4 does not always provide MIL gains. The maximum useful number of RBs is 2, 1, and 1 RBs for 120, 480, and 960 kHz SCS, respectively.
It has been shown that for the US and South Korean regions the maximum useful number of RBs for PUCCH formats 0, 1 and 4 are 10, 3 and 2 RBs for 120 kHz, 480 kHz and 960 kHz SCS respectively. For the European region the maximum useful number or RBs are 2, 1 and 1 RB for 120 kHz, 480 kHz and 960 kHz SCS respectively. We therefore propose the following.
[bookmark: _Toc68635994]Rel-17 PUCCH formats 0, 1 and 4 supports up to 10 contiguous RBs for 120 kHz SCS, up to 3 contiguous RBs for 480 kHz SCS, and up to 2 contiguous RBs for 960 kHz.

2.2.3.3 OCC performance
Performance for US and South Korea for PUCCH format 4 OCC level 4 is presented in Figure 9.
(a) 120 kHz
[image: ]
(b) 480 kHz
[image: ]
(c) 960 kHz
[image: ]
[bookmark: _Ref67995298]Figure 9: US / South Korean performance of PUCCH format 4, (a) 120 kHz, (b) 480 kHz and (c) 960 kHz SCS, OCC level 4, single user. In each subplot, bars are grouped according to 4, 11 and 22 bits payload. Note that the missing bars for 22 bits payload and 1 or 2 RBs are because it is not possible to convey 22 bits on only 1 or 2 RBs. Other bars that are represented in the legend but missing in the figure have a performance that falls below the shown range.
Comparing performance for OCC4, Figure 9, with performance for OCC2, Figure 7, it can be seen that the performance degradation from increasing the OCC level from 2 to 4 is relatively small for low SCS (120 kHz) and/or low payloads (4 bits). For higher payloads in combination with larger SCS (480/960 kHz), higher levels of multiplexing (OCC4) should not be used; the performance becomes sensitive to channel variation over the frequency span of the cover code. For this reason we see no need to support OCC's of length more than 4. Furthermore, higher levels of multiplexing are not motivated, since the probability of multiple active users in the same beam is low to start with, due to the use of narrow beamforming in the 52.6 – 71 GHz band.
[bookmark: _Toc68635995]Rel-17 PUCCH format 4 does not support higher OCC level than 4.
2.3	Sequence Design for PUCCH format 0, 1 and 4 
Rel-15 defines Type 1 low PAPR sequences that are used for various purposes, including PUCCH. For short sequences, e.g., those used for single RB PF0/1/4, the Type 1 sequences are based on a set of computer generated sequences (CGS). For longer sequences, e.g., those used for multi-RB PF3, the Type 1 sequences are based on a set of Zadoff-Chu sequences [1]. 
For Rel-17 enhanced PUCCH formats 0, 1 and 4 to use multiple consecutive RBs, the most natural choice of base sequence set is to use the rules that are already in the specification (see [1] Section 5.2.2 which defines Type-1 low-PAPR sequences). This would require no change to the specifications regarding the base sequence selection. This choice of selecting the sequences is referred to as “Rel-15” in this document.
An alternative way could be to use the same methodology as was used for Rel-16 interlaced PUCCH format 0 and 1. Rel-16 interlaced PUCCH format 0 and 1 used the computer generated sequence set of length 12 repeated over all RBs in an interlace while cycling different cyclic shifts for different RBs. This alternative method is referred to as “Cyclic Shift Cycling” (CSC) in the text below.
We evaluate the cubic metrics of these two alternative multi-RB sequences with different lengths in Table 7. The range 1 – 10 RBs is highlighted since this is the range of interest for defining Rel-17 PUCCH as we have demonstrated in previous sections. For 1, 9 and 10 RBs, the CM is identical for the “Rel-15” and "CSC" approaches. However, in the range 2 – 8 RBs, the "Rel-15" approach has significantly lower CM than the "CSC" approach. 
[bookmark: _Toc68635988]The 95th percentile CM of the Rel-15 approach for sequence selection is superior (lower) than for the Rel-16 cyclic shift cycling (CSC) approach for sequence construction. Given that the detection performance between the two approaches is almost identical; there is no need to further consider the CSC approach.

[bookmark: _Ref67658665]Table 7: 95-percentile cubic metric [dB] for different numbers of RBs. Interesting region highlighted in blue color.
	RBs
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14

	Rel-15
	0.7
	0.8
	1.3
	2.0
	2.1
	2.2
	2.3
	1.6
	2.2
	1.8
	2.3
	2.1
	2.1
	2.3

	CSC
	0.7
	2.8
	3.3
	3.4
	3.3
	3.1
	2.7
	2.4
	2.2
	1.8
	1.6
	1.5
	1.0
	1.0

	RBs
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28

	Rel-15
	2.3
	2.3
	2.1
	2.1
	2.3
	2.3
	2.2
	2.3
	1.8
	2.2
	2.1
	2.3
	2.2
	2.3

	CSC
	1.1
	1.4
	1.7
	2.0
	2.1
	2.1
	2.2
	2.2
	2.3
	2.3
	2.5
	2.6
	2.8
	3.0



From the UE power limits in Table 3 it can be seen that the conducted power corresponding to “UE EIRP” limit under the agreed evaluation assumptions is 19 dBm (25 dBm EIRP – 6 dBi Tx beamforming gain) and that the conducted power corresponding to the “UE HW” limit is 21dBm – CM. This means that when the CM exceeds 2 dB (difference between 21 and 19), the "UE HW" limit becomes the limit that directly affects the MIL.From Table 7 it can clearly be seen that CSC has a cubic metric larger than Rel-15 in the region 2 to 8 RBs and that the cubic metric for CSC in this region can reach as high as 3.4 dB. This means that within this region whenever transmit power is limited by UE restrictions, the Rel-15 approach will perform better than the CSC approach in terms of MIL. From Figure 1 it can be seen that transmit power is limited by UE restrictions whenever the bandwidth is close to or higher than the cross over point discussed in Sections 2.1.1, 2.1.2 and 2.1.3. Note that for cubic metrics higher than 2 dB this cross over point is shifted to a lower bandwidth.
The performance for the US and South Korea for PUCCH format 0 for 480 kHz SCS comparing Rel-15 sequences with CSC is shown in Figure 10. In Figure 10 the transmission power starts to be limited by UE restrictions when reaching 3 RBs, which is when the CM starts to matter. As can be seen, for 3 RBs, the performance of the "Rel 15" approach exceeds that of the "CSC" approach by approximately 1.5 dB.
(a) 5 ns
[image: ]
(b) 20 ns
[image: ]
(c) 40 ns
[image: ]
[bookmark: _Ref68170218]Figure 10: US / South Korean performance of PUCCH format 0, comparison between rel-15 sequences and CSC for (a) 5 ns, (b) 20 ns and (c) 40 ns delay spread, 480 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.

[bookmark: _Toc68635989]In the US and South Korea, performance for the Rel-15 base sequences is better than performance for CSC for cases where transmit power is limited by UE restrictions, i.e. all relevant cases with more than 2 RBs for 480 kHz SCS and all relevant cases with more than 1 RB for 960 kHz SCS. 

The performance for Europe for PUCCH format 0 for 480 kHz SCS comparing Rel-15 sequences with CSC is shown in Figure 11. In Figure 11 the transmission power starts to be limited by UE restrictions when reaching 2 RBs. For 2 RBs and greater, the performance of the Rel-15 approach exceeds that of the "CSC" approach by 0.8 – 1.3 dB.
(a) 5 ns
[image: ]
(b) 20 ns
[image: ]
(c) 40 ns
[image: ]
[bookmark: _Ref68074776]Figure 11: European performance of PUCCH format 0, comparison between rel-15 sequences and CSC for (a) 5 ns, (b) 20 ns and (c) 40 ns delay spread, 480 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.

[bookmark: _Toc68635990]In Europe performance for the Rel-15 base sequences is better than performance for CSC for cases where transmit power is limited by UE restrictions, i.e. all relevant cases with more than 1 RBs for 480 kHz SCS and all relevant cases with more than 1 RB for 960 kHz SCS. 

[bookmark: _Toc68635996]Reuse the Rel-15 rules to select base sequences for Rel-17 enhanced PUCCH format 0, 1 and 4 with multiple RBs, i.e., based on Low-PAPR sequence Type-1 defined in 38.211 Section 5.2.2. Do not support repeated sequences with cyclic shift cycling.

2.4	Evaluation of sub-PRB interlacing
In Agreement #3 listed in Section 1, two RE mapping alternatives are identified for the case of PF0/1 for 120 kHz SCS: contiguous mapping vs. sub-PRB interlaced mapping. In this section we evaluate the two mapping alternatives. For the case of sub-PRB interlacing, we evaluate two different cases:
· Case A: PUCCH is mapped to first 2 REs in a number of contiguous RBs
· Case B: PUCCH is mapped to the first 6 REs in a number of contiguous RBs
In both cases, the base sequence length is 12, and thus for Case A the sequence spans 6 RBs, and for Case B the sequence spans 2 RBs. Because of this, the PUCCH allocation must be in multiples of 6/2 RBs for Case A/B, respectively, in order to maintain orthogonality between cyclic shifts used to convey the payload and potentially multiplex users. For PUCCH allocations larger than 6/2 RBs, e.g., 12/4, 18/6, etc., the length-12 base sequence is repeated and cyclic shift cycling is used to reduce PAPR/CM.
Performance is compared against the contiguous (non-interlaced) allocation as discussed previously in Section 2.2. Since the results from the PUCCH format 1 comparison does not offer any more insigths than the PUCCH format 0 comparison, results are only shown for PUCCH format 0.
The sub-PRB interlacing allocations cannot directly use the expressions in Table 1 to calculate the maximum allowed transmit power. The adjustments shown in Table 8 are necessary.
[bookmark: _Ref68171430]Table 8: Adjustments to calculate MIL for sub-PRB interlacing
	Region
	Maximum Conducted Power, Pmax (dBm)

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

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

	South Korea
	Conducted power limit due to PSD limit (assumes N_RB contiguous RBs with all subset of REs allocated per PRB):
     Pmax_PSD = 13 dBm/MHz + max(0, 10*log10(BW N_RE * N_RB * SCS)) – TxBF + PB

	Notes:
· N_RE is the number of REs mapped per RB (2 or 6), and SCS is the subcarrier spacing (in MHz).
· The power boost factor, PB (in units of dB), is due to the fact that the REs within a PRB occupy less than the 1 MHz measurement bandwidth used for the PSD regulations. The power boost factor is given by PB = 10*log10(1 / (N_RE*SCS)), which is equal to 6.2 dB and 1.4 dB for Case A and B, respectively.
· The ”max(0, . )” expressions are relevant only  for contiguous RE mapping to make sure that allocations less than 1 MHz do not use less power than an allocation of 1 MHz. For sub-PRB interlaced mapping, this is removed since this case is handled by the power boost factor PB.



One common claimed motivation for using the sub-PRB allocations is that it allows for power boosting under a PSD constraint since the separate groups of subcarriers do not occupy the full 1 MHz measurement bandwidth assumed for the PSD regulation. Another claimed motivation is that with only a subset of allocated REs per RB, the PUCCH allocation spans a large bandwidth and therefore a larger transmission power can be used in regions that scale the transmission power with the allocated bandwidth, e.g., in the US.
The problem with the first claim is that the power boosting only is applicable if the limiting restriction is a PSD limitation, i.e., in Europe/SK, but not the US.
The problem with the second claim is that considering the use of narrow transmit beams for the 52.6 – 71 GHz band, finding UEs in the same location to FDM multiplex (e.g., on different sub-PRB interlaces) is unlikely. Therefore the unused subcarriers due to the use of sub-PRB interlacing are wasted and might as well be used in a contiguous allocation to span the same bandwidth which would allow an even larger transmit power.
Performance for the US is shown in Figure 12 (Case A) and Figure 13 (Case B). Performance for Europe is shown in Figure 14 (Case A) and Figure 15 (Case B). Performance for South Korea is shown in Figure 16 (Case A) and Figure 17 (Case B).
2.4.1	US
(a) 5 ns
[image: ]
(b) 40 ns
[image: ]
[bookmark: _Ref68174249]Figure 12: US performance comparison of contiguous vs. sub-PRB allocation Case A (N_RE = 2 REs per RB) for PUCCH format 0, 120 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.

(a) 5 ns
[image: ]
(b) 40 ns
[image: ]
[bookmark: _Ref68174264]Figure 13: US performance comparison of contiguous vs. sub-PRB allocation Case B (N_RE = 6 REs per RB) for PUCCH format 0, 120 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.

For the US region, it can be observed that
· When comparing sub-PRB interaced PUCCH (Case A and Case B) vs. contiguous PUCCH on the basis of the same number of RBs, the performance of sub-PRB is interferior. This is observed universally for all scenarios investigated.
· For low delay spreads, the degradation of sub-PRB interlacing is moderate
· For larger delay spreads, the degradation becomes severe. This is due to a loss of orthogonality between the cyclic shifts due to channel variation over the PUCCH allocation. This is observed universally for all scenarios investigated.
· Neither Case A nor Case B can reach as large MIL as contiguous PUCCH
· As already stated, Case A / B occupies at least 6 / 2 RBs, and if there are no users to multiplex, the unused REs are wasted. It is better to make use of the unsed REs by configuring contiguous PUCCH with the same or fewer RBs to achieve higher transmit power.
2.4.2	Europe
(a) 5 ns
[image: ]
(b) 40 ns
[image: ]
[bookmark: _Ref68174582]Figure 14: European performance comparison of contiguous vs. sub-PRB allocation Case A (N_RE = 2 REs per RB) for PUCCH format 0, 120 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.

(a) 5 ns
[image: ]
(b) 40 ns
[image: ]
[bookmark: _Ref68174592]Figure 15: European performance comparison of contiguous vs. sub-PRB allocation Case B (N_RE = 6 REs per RB) for PUCCH format 0, 120 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.

For the ETSI region, it can be observed that
· For 5 ns delay spread, Sub-PRB Case A does not offer any meaningful advantage compared to contiguous PUCCH allocation for any number of RBs greater than or equal to 2
· Sub-PRB Case A does not work well for more than 6 RBs
· Sub-PRB Case B does not work well at all

2.4.3	South Korea
(a) 5 ns
[image: ]
(b) 40 ns
[image: ]
[bookmark: _Ref68174939]Figure 16: South Korean performance comparison of contiguous vs. sub-PRB allocation Case A (N_RE = 2 REs per RB) for PUCCH format 0, 120 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.

(a) 5 ns
[image: ]
(b) 40 ns
[image: ]
[bookmark: _Ref68174953]Figure 17: South Korean performance comparison of contiguous vs. sub-PRB allocation Case B (N_RE = 6 REs per RB) for PUCCH format 0, 120 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.

For the South Korea region, it can be observed that
· The performance trends are similar to the US

To summarize, sub-PRB interlaced PUCCH
· Does not work well for high delay spreads because of loss of orthogonality from a varying channel within the allocation.
· Has coarse granularity in RB allocation making them less flexible for scheduling
· If there are are no (or only a few) users to multiplex, resources are wasted and would be better used to increase transmit power
· Does not reach as high maximum MIL as the contiguous allocation
· Offers no advantage in Europe at all
· Allways has lower performance compared to the same number of used RBs with a contiguous allocation
Due to the above analysis, and the fact that it would be highlight undesirable to support two different mapping schemes for different SCSs from a receiver complexity point of view, we propose to not consider sub-PRB interlacing further. 

[bookmark: _Toc68635997]Do not support sub-PRB allocations for Rel-17 PUCCH.
Conclusion
In the previous sections we made the following observations: 
Observation 1	The transmission bandwidth targets in the US for Rel-17 PUCCH enhancements depend directly on the UE antenna beamforming gains. RAN1 should design the Rel-17 PUCCH enhancements based on realistic and likely UE antenna beamforming gains.
Observation 2	Assuming a likely UE beamforming gain of 6 dB, the maximum number of useful RBs in the US for Rel-17 PUCCH enhancement is 11, 3, and 2 RBs for 120, 480, and 960 kHz, respectively.
Observation 3	The maximum useful number of RBs in Europe for Rel-17 PUCCH enhancement is 1-2 RBs for 120 kHz SCS and 1 RB for 480 kHz and 960 kHz SCS.
Observation 4	Under the agreed assumption on a Tx beamforming gain of 6 dB and for contiguous allocations, the link budgets for the US and South Korea becomes identical.
Observation 5	For the US and South Korean regions, increasing the number of RBs for PUCCH format 0 provides MIL gains up to a certain point. The maximum useful number of RBs is 10, 3, and 2 RBs for 120, 480, and 960 kHz SCS, respectively.
Observation 6	For the European region increasing the number of RBs for PUCCH format 0 does not always provide MIL gains. The maximum useful number of RBs is 2, 1, and 1 RBs for 120, 480, and 960 kHz SCS, respectively.
Observation 7	For the US and South Korean regions, increasing the number of RBs for PUCCH format 1 provides MIL gains up to a certain point. The maximum useful number of RBs is 10, 3, and 2 RBs for 120, 480, and 960 kHz SCS, respectively.
Observation 8	For the European region, increasing the number of RBs for PUCCH format 1 does not always provide MIL gains. The maximum useful number of RBs is 2, 1, and 1 RBs for 120, 480, and 960 kHz SCS, respectively.
Observation 9	For the US and South Korean regions, increasing the number of RBs for PUCCH format 4 provides MIL gains up to a certain point. The maximum useful number of RBs is 10, 3, and 2 RBs for 120, 480, and 960 kHz SCS, respectively.
Observation 10	For the European region, increasing the number of RBs for PUCCH format 4 does not always provide MIL gains. The maximum useful number of RBs is 2, 1, and 1 RBs for 120, 480, and 960 kHz SCS, respectively.
Observation 11	The 95th percentile CM of the Rel-15 approach for sequence selection is superior (lower) than for the Rel-16 cyclic shift cycling (CSC) approach for sequence construction. Given that the detection performance between the two approaches is almost identical; there is no need to further consider the CSC approach.
Observation 12	In the US and South Korea, performance for the Rel-15 base sequences is better than performance for CSC for cases where transmit power is limited by UE restrictions, i.e. all relevant cases with more than 2 RBs for 480 kHz SCS and all relevant cases with more than 1 RB for 960 kHz SCS.
Observation 13	In Europe performance for the Rel-15 base sequences is better than performance for CSC for cases where transmit power is limited by UE restrictions, i.e. all relevant cases with more than 1 RBs for 480 kHz SCS and all relevant cases with more than 1 RB for 960 kHz SCS.

Based on the discussion in the previous sections we propose the following:
Proposal 1	Rel-17 PUCCH formats 0, 1 and 4 supports up to 10 contiguous RBs for 120 kHz SCS, up to 3 contiguous RBs for 480 kHz SCS, and up to 2 contiguous RBs for 960 kHz.
Proposal 2	Rel-17 PUCCH format 4 does not support higher OCC level than 4.
Proposal 3	Reuse the Rel-15 rules to select base sequences for Rel-17 enhanced PUCCH format 0, 1 and 4 with multiple RBs, i.e., based on Low-PAPR sequence Type-1 defined in 38.211 Section 5.2.2. Do not support repeated sequences with cyclic shift cycling.
Proposal 4	Do not support sub-PRB allocations for Rel-17 PUCCH.
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Appendix A Evaluation assumptions
[bookmark: _Ref67653097]Table 9: Simplified Evaluation Assumptions (Table 1 in Section 2.3 of [1])
	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)
 
Note: If other values used, companies to report values

	PUCCH Frequency Hopping
	On

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

Note: If alternative RE allocation per PRB is used, companies to report details

	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, 10ns, 20ns} 
- Optional: DS = 40ns

	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



[bookmark: _Ref61611573]Table 10: Additional simulation assumptions
	Simulation Assumptions
	Value

	Base Sequence
	u = 0, v = 0 for simulations.
For cubic metric calculation the 95-percentile over all possible combinations of u and v are used. Possible combinations vary depending on case.  






[bookmark: _Ref67584292]Appendix B Simulation results
US
PUCCH format 0
(a) 5 ns
[image: ]
(b) 20 ns
[image: ]
(c) 40 ns
[image: ]
Figure 18: US performance of PUCCH format 0, 120 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.

(a) 5 ns
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(b) 20 ns
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(c) 40 ns
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Figure 19: US performance of PUCCH format 0, 480 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.

(a) 5 ns
[image: ]
(b) 20 ns
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Figure 20: US performance of PUCCH format 0, 960 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.

PUCCH format 1
(a) 5 ns
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(b) 20 ns
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(c) 40 ns
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Figure 21: US performance of PUCCH format 1, 120 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.
(a) 5 ns
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(b) 20 ns
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(c) 40 ns
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Figure 22: US performance of PUCCH format 1, 480 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.
(a) 5 ns
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(b) 20 ns
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Figure 23: US performance of PUCCH format 1, 960 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.
PUCCH format 4
(a) OCC 2
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(b) OCC 4
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Figure 24: US performance of PUCCH format 4, 120 kHz SCS. In each subplot, bars are grouped according to 4, 11 and 22 bits payload. Note that the missing bars for 22 bits payload are because it is not possible to convey 22 bits on only 1 RB.
(a) OCC 2
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(b) OCC 4
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Figure 25: US performance of PUCCH format 4, 480 kHz SCS. In each subplot, bars are grouped according to 4, 11 and 22 bits payload. Note that the missing bars for 22 bits payload and 1 or 2 RBs are because it is not possible to convey 22 bits on only 1 or 2 RBs. Other bars that are represented in the legend but missing in the figure have a performance that falls below the shown range.
(a) OCC 2
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(b) OCC 4
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Figure 26: US performance of PUCCH format 4, 960 kHz SCS. In each subplot, bars are grouped according to 4, 11 and 22 bits payload. Note that the missing bars for 22 bits payload and 1 or 2 RBs are because it is not possible to convey 22 bits on only 1 or 2 RBs. Other bars that are represented in the legend but missing in the figure have a performance that falls below the shown range.
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Figure 27: European performance of PUCCH format 0, 120 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.
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Figure 28: European performance of PUCCH format 0, 480 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.
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Figure 29: European performance of PUCCH format 0, 960 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.
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Figure 30: European performance of PUCCH format 1, 120 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.
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Figure 31: European performance of PUCCH format 1, 480 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.
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Figure 32: European performance of PUCCH format 1, 960 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.
PUCCH format 4
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Figure 33: European performance of PUCCH format 4, 120 kHz SCS. In each subplot, bars are grouped according to 4, 11 and 22 bits payload. Note that the missing bars for 22 bits payload are because it is not possible to convey 22 bits on only 1 RB.
(a) OCC 2
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Figure 34: European performance of PUCCH format 4, 480 kHz SCS. In each subplot, bars are grouped according to 4, 11 and 22 bits payload. Note that the missing bars for 22 bits payload and 1 or 2 RBs are because it is not possible to convey 22 bits on only 1 or 2 RBs. Other bars that are represented in the legend but missing in the figure have a performance that falls below the shown range.
(a) OCC 2
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Figure 35: European performance of PUCCH format 4, 960 kHz SCS. In each subplot, bars are grouped according to 4, 11 and 22 bits payload. Note that the missing bars for 22 bits payload and 1 or 2 RBs are because it is not possible to convey 22 bits on only 1 or 2 RBs. Other bars that are represented in the legend but missing in the figure have a performance that falls below the shown range.
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Figure 36: South Korean performance of PUCCH format 0, 120 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.
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Figure 37: South Korean performance of PUCCH format 0, 480 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.
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Figure 38: South Korean performance of PUCCH format 0, 960 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.
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Figure 39: South Korean performance of PUCCH format 1, 120 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.
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Figure 40: South Korean performance of PUCCH format 1, 480 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.
(a) 5 ns
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Figure 41: South Korean performance of PUCCH format 1, 960 kHz SCS. In each subplot, the left group is for 1-bit payloads and the right group is for 2-bit payloads.
PUCCH format 4
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Figure 42: South Korean performance of PUCCH format 4, 120 kHz SCS. In each subplot, bars are grouped according to 4, 11 and 22 bits payload. Note that the missing bars for 22 bits payload are because it is not possible to convey 22 bits on only 1 RB.
(a) OCC 2
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Figure 43: South Korean performance of PUCCH format 4, 480 kHz SCS. In each subplot, bars are grouped according to 4, 11 and 22 bits payload. Note that the missing bars for 22 bits payload and 1 or 2 RBs are because it is not possible to convey 22 bits on only 1 or 2 RBs. Other bars that are represented in the legend but missing in the figure have a performance that falls below the shown range.
(a) OCC 2
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Figure 44: South Korean performance of PUCCH format 4, 960 kHz SCS. In each subplot, bars are grouped according to 4, 11 and 22 bits payload. Note that the missing bars for 22 bits payload and 1 or 2 RBs are because it is not possible to convey 22 bits on only 1 or 2 RBs. Other bars that are represented in the legend but missing in the figure have a performance that falls below the shown range.
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