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 Introduction
[bookmark: OLE_LINK3]In 3GPP RAN1 #104-bis-e meeting, several agreements about PUCCH enhancement for NR from 52.6 GHz to 71GHz were made as below[1].
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.
In this contribution, we provide evaluations on PRB number, candidate sequences for PUCCH format 0/1 and RE mapping, including the consecutive mapping and the sub-PRB mapping. Based on the observation of the evaluation results, we provide our views and proposals.
 Discussion on enhanced PUCCH format 0/1/4 
2.1 PRB number
In RAN1#104-bis-e meeting, the maximum number of PRBs for PUCCH format 0/1/4 has not been determined completely. In order to obtain credible parameters to derive the maximum PRB number, RAN1 has sent an LS about the feasible maximum values of UE_EIRP and UE_P to RAN4.
As the agreement in RAN1#104-e, the determination of PRB number allocated for PUCCH format 0/1/4 should take the power constraint, MIL and the waveform into consideration. Based on the agreement in RAN1#104-e meeting, the calculation of MIL is MIL = P_TX – P_N – Required SNR + TxBF + RxBF. It can be inferred from the formula that TxBF and RxBF can be fixed, the variables are P_TX, P_N and required SNR. P_N goes up in proportion to bandwidth, while the Required SNR is inversely proportional to bandwidth. Thus the increased noise power P_N may be compensated by the gains brought by the increased bandwidth. Therefore the MIL is mainly depending on the P_TX. 
In order to demonstrate the relations between the number of RB and P_TX, we take SCS equal to 120kHz as an example and provide the P_TX with different beamforming gain configuration in US, EU and Korea in Figure 1 and Figure 2.
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Figure 1. P_TX over different number of RBs in US, EU and Korea(with backoff=2dB)
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Figure 2. P_TX over different number of RBs in US, EU and Korea(without backoff)
Note: According to the agreements in RAN1 #104-e, P_TX = min(Pmax, UE_EIRP – TxBF, UE_P – Backoff).
In Figure 1, the backoff (CM of Alt-1 sequence) is taken into consideration, in Figure 2, the backoff is not included. It can be seen that, when the TxBF is counted in Korea, the P_TX is identical to that in US. In EU, due to the max PSD 23dBm/MHz, and the the bandwidth of one PRB with 120kHz SCS is more than 1MHz, the P_max in EU is more than 23dBm even with one PRB. With the current UE_EIRP and UE_P configuration, P_TX is depending on the UE_P, and is a constant in EU.
Observation 1: On the condition of UE_EIRP = 25 and UE_P = 21, P_TX (or MIL) has an upper bound. In US and Korea, P_TX is increased with the PRB number up to about 19 dBm or 21 dBm, and in EU, P_TX is nearly a constant independent of the bandwidth. 
Based on the analysis above, P_TX or MIL is subject to the UE_EIRP and UE_P. If UE_EIRP and UE_P are increased, P_TX or MIL can be increased accordingly. Increasing the UE_P to 25, UE_EIRP=40, the P_TX over the number of PRB is shown in the left part of Figure 3. In the right part of Figure 3, both of the UE_EIRP and UE_P are set to 40dBm.
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Figure 3. P_TX over different number of RBs in US,EU and Korea with higher UE_EIRP and UE_P
From Figure 3, we can see that the required number of PRBs can be increased by increasing the UE_EIRP and UE_P.
In Figure 4, we provide the MIL of different UE_EIRP and UE_P configuration in US, TxBF=0dB. In our simulation, Alt-1 sequence is selected, and the backoffs(CM) are according to the simulation results for different sequence length. 
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Figure 4. MIL with different UE_EIRP and UE_P 
Note: In Figure 4, the orange columns are for the parameters{UE_EIRP=25dBm,UE_P=21dBm} .And the gray columns are for the parameters of {UE_EIRP=40dBm,UE_P=25dBm}.
Observation 2: By increasing UE_EIRP and UE_P simultaneously, the upper bound of P_TX (or MIL) will be larger, the number of PRBs will be increased. Setting UE_EIRP = 40dBm, UE_P = 25dBm, TxBF = 0dB, the number of PRBs will be 28 , 7 and 4 for 120kHz/480kHz/960kHz SCS respectively. 
Proposal 1: Wait for the reply LS from RAN4 on maximum UE_EIRP and UE_P to determine the maximum number of PRBs.
With regard to the indication of the PRB number for dedicated PUCCH resource configuration, the PRB number(1~16) of PUCCH format 2/3 is configured flexibly in RRC parameter in rel-15 and rel-16. The enhanced PUCCH format 0/1/4 can reuse the same method in above 52.6GHz band, i.e. adding a parameter nrofPRBs in the current RRC parameter. The allowed values of N_RB within the [1 .. max()] range should be flexible enough to satisfy the requirement in different cases. 
Proposal 2: The allowed values of N_RB within the range [1 .. max()] can be flexible, Alt-1 is preferred in PRB number configuration.
2.2 RE mapping
In RAN1 #104-bis-e, sub-PRB mapping for 120kHz SCS is supported by some companies to enhance the capability of user multiplexing. In this section, we provide the link level performance of full PRB mapping and sub-PRB mapping in Figure 5. For 120kHz SCS, the PRB number is 12, the Alt-1 sequence (single long sequence) is selected for simulation. And in our simulation, equal power is assumed in each RE. 
[image: ]
Figure 5. PMD performance of full PRB mapping and sub-PRB mapping for PF0,1OS
In Figure 5, the legend of “1RE” denotes only the first RE is mapped within one PRB, and the legend of “6RE” denotes the first 6 REs are mapped within one PRB. It is observed in Figure 5 that the performance of sub-PRB mapping with no power boosting is poorer than of full PRB mapping. 
For MIL calculation, we also consider the power boosting factor for sub-PRB mapping, and the parameters are based on the regulatory in South Korea, the histogram is shown in Figure 6.
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Figure 6. MIL of full PRB mapping and sub-PRB mapping
In Figure 6, TxBF = 6dB, UE_EIRP =25dBm ,UE_P =21dBm, the MIL of sub-PRB with one RE or 6 REs per PRB are both lower than that of full PRB mapping.
Observation 3: Even with power boosting, the MIL of sub-PRB mapping is lower than that of full PRB mapping.
In high frequency band, the beam will be narrow, UE multiplexing is considered as lower priority compared with MIL performance. Besides sub-PRB mapping will increase the overhead of signal indication. According to the agreement in RAN1#104-e, at least for 960kHz/480kHz, full PRB mapping are supported. Thus, with better MIL performance, lower signalling overhead, as well as to keep the uniform design, we prefer full PRB mapping.
Proposal 3: In 52.6GHz-71GHz frequency band, PUCCH should be mapped into all REs within the PRBs allocated. 
2.3 User multiplexing
According to the agreement in RAN1#104-bis-e meeting, the user multiplexing can be considered, but the priority is lower. As for the user multiplexing for PUCCH format 0/1, there are 12 cyclic shifts can be used to ensure the orthogonality of the users scheduled in the same resource. As for PUCCH format 4, there are up to 4 OCC can be used to schedule 4 users in the same resource. 
It is well known that in above 52.6GHz band, the beam is narrow, it’s more likely user multiplexing is not a key problem. If more than one users with PRB alignment are in the same beam direction, the current design is enough, it is up to gNB whether or not to schedule them in the same resource. If the gNB can tolerate some performance loss with PRB misalignment, then user multiplexing is permitted, otherwise multiplexing users with PRB misalignment is not allowed. Anyway user multiplexing is under the control of gNB, which is transparent to UE. And there is no need to specify such behavior.
Proposal 4: For PUCCH format 0/1/4, PRB misalignment issue can be left to gNB implementation.

2.4 Sequence design for PUCCH format 0/1
In RAN1#104-e, low PAPR sequence type1 was supported. And the following two alternatives are evaluated. 
· 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
In RAN1#104-bis-e, the two alternatives are warmly discussed, but no agreements are reached. And the majority of companies recognized the difference of the CM between the two alternatives as shown in Figure 7.
In Figure 7, the CM values for the two alternatives are provided for PRB number from 1~40. And for SCS equal to 120kHz, the sequence is mapped in the all REs within each RB. We can see that the CM of Alt1 fluctuates in a small range of about 1dB for different PRB numbers. However, the CM value of Alt-2 fluctuates wildly, especially when the number of PRB is larger than 22, the CM value increases with the PRB number rapidly. In addition, for the PRB number 9~22, the CM of Alt2 is no larger than that of Alt1.
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Figure 7. CM comparison of the two alternatives
Observation 4: When PRB number is 9~22, Alt2 with a cyclic shift step of 5 for each PRB has lower CM than that of Alt1 (ZC sequence); when PRB number is smaller than 9 or larger than 22, Alt1 outperforms Alt2.
Based on the analysis above, considering the flexible range of PRB value for the sequence choice for PUCCH format 0/1, Alt1 has an advantage over Alt2.
We also compare the detection performance and MIL of the two alternatives. The detection performance is shown in Figure 8,and the MIL is shown in Figure 9.
[image: ]
Figure 8. detection performance comparison of the two alternatives
In Figure 8, we can see the detection performance of the two types of sequences are almost the same.
Base on the LLS, we calculate the MIL of the two alternatives in US or Korea with 6dB TxBF.
[image: ]
Figure 9. MIL for different SCS and delay spread of the two alternatives
From Figure 9, we can see for SCS equal to 480kHz and 960kHz,the MIL of Alt-2 is lower than that of Alt-1.This is because the number of PRB is 2~3, the CM of Alt-2 is far larger than that of Alt-1 in this range, which result in the smaller MIL.
Observation 5: For SCS 120kHz and 12 PRBs, the MIL of the two alternatives are similar, for SCS 480kHz with 3PRBs and 960kHz with 2 PRBs, the MIL of Alt-1 is larger than that of Alt-2.
Base on the discussion above, Alt-1 outperforms Alt2. Both of the two alternatives are based on existing sequence generation process in current specification, so the spec impact of the 2 alternatives is acceptable. But Alt-1 has stable MIL performance in a wide range of PRB number. Considering the flexibility of Alt-1, we prefer Alt-1.
Proposal 5: Regarding the PUCCH format 0/1 sequence type selection, Alt1 (a single long sequence) is preferred
2.5 PUCCH enhancement before RRC connected
Based on the agreement listed in section 1, the number of PRB is configured for different SCSs respectively. And for SCS of 120kHz, 12 PRBs are configured in above 52.6GHz band, but bigger values than 12 is not excluded. And with the current configuration, the resource is sufficient. If the number of PRB is increased, there may be some possibility of resource overlapped. In NR-U, interlace structure was introduced, the resource unit is interlace with 10 or 11 PRBs, and frequency hopping is disabled. It is by adding starting OFDM symbols or OCC to resolve the collision problems for PUCCH resource set before RRC connected. And the PRB offset in the table is reinterpreted as interlace index offset.
In 52.6 GHz band, the similar method in NR-U can be used for reference. Firstly the resource unit is a group of PRB or is a RB set, therefore the parameters in the calculation [image: ] and [image: ]for RB set should be modified. As the PRBs allocated to PUCCH format 0/1 are localized, frequency hopping still can be adopted. And in case of resource collision for more PRBs allocation, additional starting OFDM symbols, cyclic shifts or OCC can be considered.
Proposal 6: The similar solution in NR-U in rel-16 can be considered for Rel-17 PUCCH enhancement before RRC connected, and the resource unit could be RBG or RB set.
 Conclusion
In this contribution, we discuss the enhancement for PUCCH format 0/1/4 above 52.6 GHz band and have the following observations and proposals.
Observation 1: On the condition of UE_EIRP = 25 and UE_P = 21, P_TX (or MIL) has an upper bound. In US and Korea, P_TX is increased with the PRB number up to about 19 dBm or 21 dBm, and in EU, P_TX is nearly a constant independent of the bandwidth. 
Observation 2: By increasing UE_EIRP and UE_P simultaneously, the upper bound of P_TX (or MIL) will be larger, the number of PRBs will be increased. Setting UE_EIRP = 40dBm, UE_P = 25dBm, TxBF = 0dB, the number of PRBs will be 28, 7 and 4 for 120kHz/480kHz/960kHz SCS respectively. 
Observation 3: Even with power boosting, the MIL of sub-PRB mapping is lower than that of full PRB mapping.
Observation 4: When PRB number is 9~22, Alt2 with a cyclic shift step of 5 for each PRB has lower CM than that of Alt1 (ZC sequence); when PRB number is smaller than 9 or larger than 22, Alt1 outperforms Alt2.
Observation 5: For SCS 120kHz and 12 PRBs, the MIL of the two alternatives are similar, for SCS 480kHz with 3PRBs and 960kHz with 2 PRBs, the MIL of Alt-1 is larger than that of Alt-2.

Proposal 1: Wait for the reply LS from RAN4 on maximum UE_EIRP and UE_P to determine the maximum number of PRBs.
Proposal 2: The allowed values of N_RB within the range [1 .. max()] can be flexible, Alt-1 is preferred in PRB number configuration.
Proposal 3: In 52.6GHz-71GHz frequency band, PUCCH should be mapped into all REs within the PRBs allocated. 
Proposal 4: For PUCCH format 0/1/4, PRB misalignment issue can be left to gNB implementation.
Proposal 5: Regarding the PUCCH format 0/1 sequence type selection, Alt1 (a single long sequence) is preferred
Proposal 6: The similar solution in NR-U in rel-16 can be considered for Rel-17 PUCCH enhancement before RRC connected, and the resource unit could be RBG or RB set.

 Reference
[1] Chairman's Notes RAN1#104b-e.

 Appendix
Table 1: 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 = 5 for SCS 960kHz contiguous RBs per hop (with all REs allocated per PRB)
N_RB = 9 for SCS 4800kHz contiguous RBs per hop (with all REs allocated per PRB)
For PUCCH format 0/1,N_RB =35for SCS 120kHz contiguous RBs per hop (with all REs allocated per PRB),and ,N_RB =32 for PUCCH format 4.
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 2: 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 for PF0
4 for PF4

	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)
	
	If multiple payload sizes evaluated, then 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

	[bookmark: _Hlk5184979]Definition of detection criteria for PF0/1/4:

[bookmark: _Hlk5108029](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)



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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