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[bookmark: _Ref68527073]List of agreements
The following agreements were made during RAN1#103-e meeting [1], [2], [3], and an LS [4] was sent to RAN4 [4]:

Agreement:
· The maximum values for the configured number of RBs, NRB, for enhanced PF0/1/4 are at least:
· 12 RBs for 120 kHz SCS
· 3 RBs for 480 kHz SCS
· 2 RBs for 960 kHz SCS
· FFS: Whether or not the above values need to be revised to support larger values (and any associated signaling impact), e.g., to support lower UE Tx beamforming gain and/or larger UE EIRP and conducted power limits for different UE power classes, different from those in the agreed evaluation assumptions 

Agreement:
Down select to one of the following two alternatives for the configuration of the number of RBs, , for enhanced PUCCH formats 0/1/4:
· Alt-1:
· For enhanced PF0/1
· Support configuration of all integer values in the range [1 .. max()] for each SCS
· For enhanced PF4
· Support configuration of all integer values in the range [1 .. max()] for each SCS that fulfill the requirement  where  is a set of non-negative integers.
· Alt-2:
· Same as Alt-1, but with coarser granularity, i.e., not all integer values of  can be configured
· FFS: Which values of  are supported values in the range [1 .. max()]

Agreement:
For UCI of enhanced PF4, support pre-DFT blockwise spreading using OCCs of length 2 and 4 only, as in Rel-15/16.

Agreement:
For DMRS of enhanced PF4, a Type-1 low PAPR 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-1 in agreement from RAN1#104-e).

Agreement:
For UCI of enhanced PF4, support pre-DFT blockwise spreading performed across all allocated RBs (Alt-1 in agreement from RAN1#104-e).
Agreement:
For addressing the FFS from the prior agreement in RAN1#104bis-e on the maximum values for the configured number RBs, send an LS to RAN4 asking for feasible maximum values for UE_EIRP and UE_P for operation in 52.6-71 GHz.
R1-2104061	LS to RAN4 on maximum UE conducted power and maximum UE EIRP for operation in the 52.6 – 71 GHz band

Agreement:
User-multiplexing can be considered but as lower priority compared to maximum isotropic loss for PUCCH as a design criterion.

Furthermore, an agreement was reached during RAN1#104bis-e meeting regarding the sequence type of enhanced PF4. However, no such agreement was reached for PF0/1, and this point is still to be discussed based on the following RAN1#104-e meeting [5], [6] agreement:

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 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	

In this contribution, we study some of the above agreements and provide our views on enhancements for PUCCH formats 0/1/4 for Rel-17.
Discussion
On the number of resource blocks
As usual, we first recap on the power restrictions that apply to UEs and then work our way backwards to obtain the required number of RB. The maximum amount of power that user equipments (UEs) operating in the 60 GHz NR unlicensed (NR-U) band are allowed to transmit may be determined from the following applicable requirements:
· [bookmark: _Hlk71145666]Conducted power limits due to maximum equivalent isotropic radiated power (EIRP) and maximum power spectral density (PSD) limits imposed by regulators; see Table 1. Note that conducted power limits due to PSD limits depend on the PUCCH bandwidth. Furthermore, conducted power limits due to both the EIRP and PSD limits depend as well on the TxBF gain of the UE, except for the conducted power limit due to the PSD limit in the US region, which is kept to 27 dBm up to 100 MHz bandwidth and then increases as  decibels. 
Power limits are defined for three regions, namely, the US (US), Europe (EU) and South Korea. Note that South Korea defines two different sets of power limits depending on whether the UE is located far from an astronomical antenna (KO1), or in its proximity (KO2). 

[bookmark: _Ref68553151]Table 1. Regulatory Power Limits by Region [6, Table 3].
	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



· Conducted power limits due to UE power class restrictions, imposed by RAN4; see [7]. In general, different restrictions apply to different power classes. A power class is typically defined by four parameters, namely, the minimum peak EIRP, the EIRP spherical coverage requirement, the maximum EIRP and the maximum total radiated power (TRP). At the moment, power classes for 60 GHz NR-U have not yet been defined yet by RAN4, and discussions are ongoing; see, e.g., [8]. The current state of the discussions will probably be reflected in the reply from RAN4 to the RAN1 LS [4]. In the meanwhile, feasible values of the minimum peak EIRP requirement and the maximum EIRP requirement have been collected in Table 2, based on said RAN4 discussions. The limit to the conducted power due to the maximum EIRP limit, Pmax_UE_EIRP, can be obtained by subtracting the UE TxBF gain from the maximum EIRP limit, UE_EIRP. In detial, UE_EIRP and Pmax_UE_EIRP must fulfill

Min peak EIRP  TxBF  Pmax_UE_EIRP  UE_EIRP  TxBF.

Given that power classes for 60 GHz NR-U have not yet been defined, we limit the scope of the current contribution to PC3, which gives UE_EIRP = 25 dBm and is aligned with assumptions in previous meetings.

[bookmark: _Ref70412525]Table 2. UE minimum peak EIRP and maximum EIRP for power classes 1, 2, 3, 4. 
	UE power class
	Min peak EIRP (dBm)
	Max EIRP, UE_EIRP (dBm) 

	1
	35.0
	38.0

	2
	24.0
	27.0

	3
	22.0
	25.0

	4
	29.0
	32.0




· [bookmark: _Hlk71637294]Conducted power limits due to UE hardware limitations. The most important such limits are the UE maximum conducted power and the UE TxBF gain. Representative values of these quantities have been collected in Table 3. Note that the values in Table 3 have been used by RAN4 [9] to arrive at the minimum peak EIRP values in Table 2. The maximum conducted power the UE can deliver, Pmax_UE_P, depends on the sequence type being transmitted. In particular, the maximum UE conducted power needs to be reduced by the cubic metric of the signal:

Pmax_UE_P  UE_P  TxBF.

[bookmark: _Ref71637192]Table 3. Maximum conducted power and TxBF gain of UE power classes 1, 2, 3, 4.
	UE power class
	Max conducted power, UE_P (dBm)
	TxBF (dBi)

	1
	24.5
	13.0

	2
	21.0
	8.0

	3
	21.0
	6.0

	4
	24.0
	9.5




The power limits discussed above are illustrated in Figure 1 for a subcarrier spacing SCS = 120 KHz. The figure is applicable to PC3 handheld devices and assumes TxBF = 6 dBi UE realized array gain and UE_P = 21 dBm UE conducted power limit, and UE_EIRP = 25 dBm. Note that, the power limits labeled as US and KO1 overlap for these values. Backoffs from UE_P due to cubic metric considerations are also illustrated for the two alternatives Alt-1, Alt-2 (dash-dotted lines) as per RAN1#104-e meeting [5] agreements. Vertical lines corresponding to the inverse of channel delay spreads DS = 10, 20 and 40 ns are also shown. These lines represent upper bounds to the number  of RBs that should be selected. Larger values of  lead to performance losses due to the propagation channel no longer being constant across the resource allocation. Plots corresponding to SCS = 480 KHz and SCS = 960 KHz can be found in the Appendix in Figure 3 and Figure 4.


[bookmark: _Ref71619185]Figure 1. Illustration of power limits for PC3 handheld devices with SCS=120 KHz, TxBF=6.0 dBi, UE_P=21.0 dBm, UE_EIRP=25.0 dBm. 

Based on Figure 1, Figure 3 and Figure 4, recommended maximum allocation sizes, , have been tabulated in Table 4 and Table 5 for Alt-1 and Alt-2, respectively. It can be readily seen that the required maximum values of  are very similar for Alt-1 and Alt-2. The reason that a range, rather than a single value, is given sometimes is that the corresponding cubic metric (CM) is “wobbly.” This can be seen in Figure 5 in Appendix, which plots the CM [10][11] for the sequences defined by Alt-1 and Alt-2. However, setting  to the lower range limit results in a reduction of the UE conducted power by at most on dB, or so, which is within the uncertainty in the values of TxBF, UE_EIRP and UE_P used in our analysis. Hence, everything else equal, Alt-1 and Alt-2 practically equivalent in terms of maximum isotropic loss (MIL), and we see no strong reason to prefer one to the other based on this criterion.

[bookmark: _Ref68553164]Table 4. Alt-1: Maximum allocation sizes, , for PF0/1/4 in number of resource blocks.
	
	960 KHz
	480 KHz
	120 KHz

	Europe
	1
	1
	1 – 2

	US
	1 – 2
	2 – 3
	11 – 12

	South Korea
	1 – 2
	2 – 3
	11 – 12



[bookmark: _Ref71624960]Table 5. Alt-2: Maximum allocation sizes, , for PF0/1/4 in number of resource blocks.
	
	960 KHz
	480 KHz
	120 KHz

	Europe
	1
	1
	1 – 2

	US
	1 – 8
	2 – 9
	11

	South Korea
	1 – 8
	2 – 9
	11




We summarize our findings thus far in the following observation.
Observation 1. The required maximum value of  are very similar for Alt-1 and Alt-2 enhanced PF0/1 sequences. All else equal, Alt-1 and Alt-2 lead to practically the same MIL performance and, therefore, this criterion alone cannot be used to down select between Alt-1 and Alt-2.

We therefore arrive to the following proposal.
Proposal 1: Since the MIL criterion alone cannot be used to down select between Alt-1 and Alt-2, consider UE multiplexing for down selection between Alt-1 and Alt-2.

On Type-1 low-PAPR sequences for enhanced PF0/1
We now return to the 	question of down selecting one of Alt-1 and Alt-2 as defined in the RAN1#104-e meeting [5] agreement discussed in the introduction. As explained in the previous section, the practical performance of Alt-1 and Alt-2 in terms of the MIL is very similar and therefore, this criterion alone is not enough for down selection. To break the tie between Alt-1 and Alt-2 we must also take into consideration UE multiplexing. 
For that, recall that enhanced PF0/1 sequences designed according to Alt-1 are mutually orthogonal only if they are of the same length. On the other hand, by judiciously selecting the cycling of the cyclic shifts of the base sequences, enhanced PF0/1 sequences designed according to Alt-2 can preserve mutual orthogonality even when they have different lengths. This illustrated in Figure 2.
[image: ]
[bookmark: _Ref68596608]Figure 2. For Alt-1 (left), sequences of same length are mutually orthogonal, but sequences of different lengths are not. For Alt-2 (right), cycled versions of a fixed-length base sequence, showed as shadowed boxes, can be made mutually orthogonal, and thus sequences of different lengths are also orthogonal.

It thus appears that Alt. 2 has greater potential for UE multiplexing while preserving the flexibility of the network for selecting PUCCH resource allocations of optimal size for each UE. In particular, if a base sequence of length REs is used, up to  orthogonal cyclic shifts can be obtained which, given the additional degree of UE separation conferred by the narrow beams used in the 60 GHz NR-U band, is probably enough to accommodate most use cases. We make the following observation and proposal:

Observation 2. Compared to Alt-1, it appears that Alt. 2 has greater potential for UE multiplexing while, at the same time, preserving the flexibility of the network for assigning to each UE PUCCH resource allocations of optimal size.

We therefore arrive at the following proposal for enhanced PF0/1 sequences.
Proposal 2. Given that in practice, Alt-1 and Alt-2 display the very similar performance in terms of MIL, support Alt-2 to enable efficient multiplexing of UEs with different configured values of . 

[bookmark: _Hlk47387515]Conclusions
This document considered enhancements to Rel-17 for PUCCH formats 0/1/4. The following observations and proposals have been made:

Observation 1. The required maximum value of  are very similar for Alt-1 and Alt-2 enhanced PF0/1 sequences. All else equal, Alt-1 and Alt-2 lead to practically the same MIL performance and, therefore, this criterion alone cannot be used to down select between Alt-1 and Alt-2.
Observation 2. Compared to Alt-1, it appears that Alt. 2 has greater potential for UE multiplexing while, at the same time, preserving the flexibility of the network for assigning to each UE PUCCH resource allocations of optimal size.

Proposal 1: Since the MIL criterion alone cannot be used to down select between Alt-1 and Alt-2, consider UE multiplexing for down selection between Alt-1 and Alt-2.
Proposal 2. Given that in practice, Alt-1 and Alt-2 display the very similar performance in terms of MIL, support Alt-2 to enable efficient multiplexing of UEs with different configured values of .
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Appendix
Some additional figures are included in this section.

[bookmark: _Ref71624867]Figure 3. Illustration of power limits for PC3 handheld devices with SCS=480 KHz, TxBF=6.0 dBi, UE_P=21.0 dBm, UE_EIRP=25.0 dBm.



[bookmark: _Ref71624873]Figure 4. Illustration of power limits for PC3 handheld devices with SCS=960 KHz, TxBF=6.0 dBi, UE_P=21.0 dBm, UE_EIRP=25.0 dBm.

[image: ]
[bookmark: _Ref71628552]Figure 5 Cubic metric for enhanced PF0/1 sequences defined by Alt-1 and Alt-2.

Also, for convenience, Tables 1, 2 in section 2.3 in [6] are reproduced below. Note that Table in [6] is the same as Table 1 in this document.

Table 6: Simplified 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)
 
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



Table 7: Reporting metrics
	Parameter
	Value
	Notes

	PUCCH Format
	
	PF0, PF1, PF4

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

	Frequency hopping details
	
	Frequency offset between hops,

	Number of RBs used per hop (N_RB)
	
	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
	
	1 or 2 for PF0
{4 .. 14} for PF1/4

	Sequence construction details
	
	Sequence type for PF0/1
Sequence type for DMRS of PF4

	OCC configuration details
	
	Applicable for PF1, PF4


	Cyclic shift configuration details
	
	For PF0/1
For DMRS of PF4

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

Note: Companies to report if other cases if evaluated

	PUCCH payload encoder type
	
	Reed Muller or Polar for PF4

	PUCCH payload size(s) (bits)
	
	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)
	
	Required SNR needed to fulfil detection criterion, from link level simulations based on Table 1 (see Notes (1) and (2) at bottom of table for definition of detection criteria for PF 0/1/4).

	Cubic Metric, CM (dB)
	
	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)
	
	TxBF = 6 dBi

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

	BS Rx Beamforming gain (dBi)
	
	RxBF = 20 dBi

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

	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

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

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

	Backoff (dB)
	
	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)
	
	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)
	
	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)
	
	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)
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