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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
Based on the outcome of the study item (SI) on supporting NR above 52.6GHz [1], a working item (WI) has been approved with the aim to extending NR up to 71 GHz by 3GPP TSG RAN Meeting #90 [2]. As a part of the objectives of the WI, the following aspects were included:
· Physical layer aspects including [RAN1]:
· [bookmark: _Hlk58583563][bookmark: _Hlk26996217]In addition to 120kHz SCS, specify new SCS, 480kHz and 960kHz, and define maximum bandwidth(s), for operation in this frequency range for data and control channels and reference signals, only NCP supported.
[bookmark: _Hlk58594267]Note: Except for timing line related aspects, a common design framework shall be adopted for 480kHz to 960kHz
· Support enhancement for PUCCH format 0/1/4 to increase the number of RBs under PSD limitation in shared spectrum operation.

In the contribution, we study to recommend the number of PRBs for each PUCCH format, based on link-level simulation results following the agreed parameters in section 2.2 of [4]. Detection performance is presented under different subcarrier spacing (SCS) and number of receiving antenna at gNB. The cubic metric (CM) is calculated for PUCCH format 0/1/4 when a single long low PAPR sequence is used or different sequence repetition/cycling are applied, respectively.

Discussion
For PUCCH enhancement, one of the main aspects is to determine the number of RBs to specify for each formats 0/1/4 in order to enable increased coverage under power spectrum density limitations. During the RAN1#104-e meeting [3], several agreements were made on enhancement of PUCCH format 0/1/4, including assumptions on link-level evaluation and multi-RB PUCCH formats:

	Agreement:
Tables 1, 2, and 3 in Section 2.3 of R1-2102127 are agreed as a common set of assumptions for link level simulations and link budget calculations for evaluating enhancements to PUCCH formats 0/1/4
Note: Other parameters can be additionally considered in the evaluations
Agreement:
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:
· 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



This contributions presents link level simulations for various PUCCH designs. The link-level simulations are configured based on the Tables 1, 2, and 3 in Section 2.3 of R1-2102127. The simulations were sanity checked under SCS 30kHz based on RAN4 test parameters defined for PF0/1/4 in TS38.104 [5], in order to serve the baseline for fine-tuning the three considered SCSs for PUCCH enhancement, i.e., 120kHz, 480kHz, 960kHz. The RAN4 test parameters for these larger SCSs are not available yet. CP-OFDM is applied for PF0/1 and DFT-s-OFDM and Polar coding are adopted by PF4. Frequency hopping is enabled and the largest PRB index is reached after frequency hopping. Zadoff-Chu sequences are used for PF0/1 and DMRS of PF4 with initial cyclic shift set to be zero.
PUCCH Format 0 Detection Performance
With the link-level simulator configured accordingly, the performance results of PF0 under SCS 120kHz, 480kHz, and 960kHz are shown in Figure 1 to Figure 3, respectively. Unlike the PF1/4, no DMRS is associated with PF0 such that non-coherent detection is applied. One ACK bit is carried by each PUCCH slot. It has also been checked that the NACKACK and DTXACK rates attain the requirements specified in note 1 of Table 2 of R1-2102127, similar to the sanity check figures included in the appendix. It is noted that in Figures in this section and the followings, the ‘Target BW’ in the legend means the bandwidth beyond which further increment does not increase the transmission power [7]. As calculated in [7], with the TxBF gain at 6dB, the number of RBs corresponding to target BW at 120kHz SCS is 11; for 480kHz SCS, the number is 3; for 960kHz the number is 2. While for the 480kHz and 960kHz we evaluate up to 4RBs, in order to see if performance may gain for slightly more BW occupation.  
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Figure 1. ACK miss detection rate for PF0 under {120kHz SCS, 256 RBs} with different UCI RBs.
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Figure 2. ACK miss detection rate for PF0 under {480kHz SCS, 256 RBs} with different UCI RBs.
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Figure 3. ACK miss detection rate for PF0 under {960kHz SCS, 160 RBs} with different UCI RBs.
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Figure 4. ACK miss detection rate for PF0 under {960kHz SCS, 160 RBs} with different Rx antennas.
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Figure 5. ACK miss detection rate for PF0 under {960kHz SCS, 160 RBs} with different DS.

It is shown  in Figure 1 to Figure 3 that for PF0, the detection performance of the three combinations (SCS 120kHz, BW 400MHz), (SCS 480kHz, BW 1600MHz), (SCS 960kHz, BW 2000MHz) improve if more RBs than 1 (Rel15/16) is utilized to carry the UCI symbol. The noncoherent detection energy thresholds are tuned individually for each SCS under different number of RBs, and it is shown that for the considered cases, the higher SCS yields better performance. Figure 4 shows for a single RB example that increasing the number of receiving antennas from 2 to 4 improves the  performance gain up to 4dB while decreasing to a single antenna can trigger a loss of a similar level. Figure 5 shows that the PUCCH detection performance is rather stable across different DSs specified by Table 1 of R1-2102127 since energy-based detection is not very sensitive to DS.  
Observation 1: For PF0, under each of SCS 120kHz, 480kHz, and 960kHz, the detection performance can improve with increasing the number of UCI-carrying RBs. The extra gain comes from the improved energy threshold of the detector that is feasible for larger RBs. Increasing the number of receiving antennas also notably improves the performance. 
Proposal 1: For PF0 under the considered scenario, if reaching the conducted power limit is the primary concern, extend the RB to the numbers corresponding to the target BWs for SCS 120kHz, 480kHz, and 960kHz, which are 11, 3, and 2, respectively, corresponding to the TxBF gain set according to Table 2 of R1-2102127.  

PUCCH Format 1 Detection Performance
The performance results of PF1 under 2 receiving antennas and SCS 120kHz, 480kHz, and 960kHz are shown in Figure 6 – Figure 8, respectively. The DMRS symbols are interleaved with the control data symbols for channel estimation and in turn coherent detection. All 14 symbols of a slot are used to carry PUCCH with the latter 7 symbol RBs hopping to reach the top of the resource grid. Two ACK bits are carried by each PUCCH slot. 
In comparison with non-coherent detection-based PF0, it is clear that coherent detection provides performance gains. Therefore, PF1 instead of PF0 for ACK feedback is recommended in cases when required SNR is possible to utilize the benefit from coherent detection. While similar to PF0, the trend that detection performance improves with the number of RBs still holds overall, although it is seen from the 120kHz example in Figure 6 that using 2 RBs or 3RBs has similar performance. The coherent detection energy thresholds are tuned individually for each SCS under different RBs. In Figure 9, it is shown for the single RB case that using 4 receiving antennas can have around 2dB gain over 2 receiver antennas while using 1 receiving antenna brings a notable loss.
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Figure 6. ACK miss detection rate for PF1 under {120kHz SCS, 256 RBs} with different UCI RBs.
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Figure 7. ACK miss detection rate for PF1 under {480kHz SCS, 256 RBs} with different UCI RBs.
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Figure 8. ACK miss detection rate for PF1 under {960kHz SCS, 160 RBs} with different UCI RBs.
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Figure 9. ACK miss detection rate for PF1 under {960kHz SCS, 160 RBs} with different Rx antennas.

Observation 2: For PF1, the trend that detection performance improves with increased number of UCI- carrying RBs holds in general. Increasing the number of receiving antennas helps improve the performance.
Proposal 2: For PF1 under the considered scenario, extend the RB to the number corresponding to the target BW. 

PUCCH Format 4 Detection Performance
The UCI BLER results of PF4 under 2 receiving antennas and SCS 120kHz, 480kHz, and 960kHz are shown in Figure 10 – Figure 12, respectively, with a high payload size of 22 bits. 2 DMRS symbols are allocated between the control data symbols. Based on the results, extending RBs to more than one shows potential to improve the detection, while, unlike PF0/1 that uses CP-OFDM waveforms, increasing the number of RBs does not always introduce performance gain, at least for the tested examples. In Figure 12, the BLER associated with different payload sizes under SCS 960kHz is provided, which shows the performance gain of links with smaller size payload over links with larger payloads.
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Figure 10. ACK miss detection rate for PF4 under {120kHz SCS, 256 RBs} with different UCI RBs.
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Figure 11. ACK miss detection rate for PF4 under {480kHz SCS, 256 RBs} with different UCI RBs.
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Figure 12. ACK miss detection rate for PF4 under {960kHz SCS, 160 RBs} with different UCI RBs.
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Figure 13. ACK miss detection rate for PF4 under {960kHz SCS, 160 RBs} with different payload sizes.

Observation 3: For PF4, the trend that detection performance improves with increased number of UCI-carrying RBs holds in general. The UCI BLER decreases with reduced payload size.
Proposal 3: For PF4 under the considered scenario, extending the RB to the target BW leads to better performance than the single RB case under SCS 480kHz and 960kHz. For SCS 120kHz, extending the number of RB to occupy less than the target BW may be considered. 

PUCCH Format 0/1/4 Cubic Metric
During the RAN1#104-e meeting, several agreements were made on supporting Type-1 low PAPR sequences for PF0/1 and DMRS of enhanced PF4 with multi-RB PUCCH formats:

	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
Agreement:
· For DMRS of enhanced PF4, support Type-1 low PAPR sequences. Further study and strive to select one of the following alternatives for sequence construction:
· Alt-1: A single sequence of length equal to the total number of mapped Res of of the PUCCH resource is used. Cyclic shifts are defined in the same was as Rel-15/16 for PF4.
· Alt-2: A single sequence of length equal to the number of mapped Res per PRB of the PUCCH resource is used, and the sequence is repeated in each PRB. At least the following scheme is considered for PAPR/CM reduction:
· Cycling of cyclic shifts across RBs in a similar way as for Rel-16 for PF0/1 for the case that useInterlacePUCCH-PUSCH is configured
· At least the following aspects should be considered in the study
· Coverage (maximum isotropic loss (MIL)), including
· Required SNR to fulfil PUCCH detection criterion
· PAPR/CM as a function of N_RB
· Specification impact



The CM is selected to be evaluated against the number of PRBs in this contribution. The calculation of CM and the comparison between PAPR can be found in [6]. As specified in the agreement, type-1 low PAPR sequence (T1-LPS) is used for both the enhanced PF0/1 and the DMRS of the enhanced PF4. For the PF0/1, it is tested by sending either all ACK or all NACK sequences using the length-12*N_RB single T1-LPS or repetitive length-12 T1-LPS that occupies the same number of RBs.
It is shown in Figure 14 and Figure 15 that for both the PF0 and PF1, ACK or NACK sequences have a similar CM under different numbers of RBs for both the long sequence and repetitive sequence cases. The repetitive sequence could lead to over 4dB CM increment for PF0 and over 3dB for PF1, even if only 2 RBs are used. On the contrary, the long sequence has a  better CM for a small, medium, or large number of RBs. For PF0/1, using UCI sequences with the cycling of cyclic shifts across the RBs leads to CM close to the single long sequence. In this contribution, the cycling is done by increasing by one the CS number starting from 0 as the RB index increases by one; if the largest allowed CS is reached, then the CS decreases by one according to the RB index instead. This procedure ends when all the RBs are assigned a CS number. Note that under each RB value, the CM is a fixed value for PF0/1 for the deterministic sequences that carry a bit. For PF4, the 4 bits CSI case is tested, and the CDF of the CM is drawn against N_RB, as shown in Figure 16 and Figure 17. By looking at the 95th percentile CM value for PF4, it is observed that the difference across N_RB=1 to N_RB=16 is less than 0.25dB if a single long sequence is used for DMRS, while the difference is up to 7dB if repetitive sequence is applied instead.
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Figure 14. The PF0 CM under different number of RBs with a single long T1-LPS or repetitive T1-LPS.
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Figure 15. The PF1 CM under different number of RBs with a single long T1-LPS or repetitive T1-LPS.
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Figure 16. CDF of the CM with the long sequence DMRS for PF4.
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Figure 17. CDF of the CM with the repetitive sequence DMRS for PF4.

Observation 4: For PF0/1/4, with the repetitive T1-LPS, the cubic metric increases when the UCI-carrying RBs increases. Notably, the CM associated with 2RBs is much larger than associated with a single RB. 
Observation 5: With a single long T1-LPS, the CM is significantly smaller than the repetitive T1-LPS case. And the CM differences between various N_RB are smaller than the CM differences of the repetitive T1-LPS counterpart. 
Observation 6: For PF0/1, the CCS T1-LPS can provide similar CM within 1-2dB difference with the single long T1-LPS. 
Proposal 4: Use long T1-LPS instead of repetitive T1-LPS sequence for PF0, PF1, and PF4. CCS T1-LPS can be an option for PF0/1. 

Maximum Isotropic Loss
According to Table 2 of R1-2102127, the MIL in dB can be calculated by the following equation.
MIL = P_TX – P_N – Required SNR + TxBF + RxBF,
where TxBF=6dBi, RxBF=20dBi, and
P_TX = min(Pmax, UE_EIRP-TxBF, UE_P-Backoff),
P_N = Noise PSD + 10*log10(BW*1e6) + NF,
where UE_EIRP=25dBm, UE_P=21dBm, Backoff=CM, Noise PSD = -174dbm/Hz, NF=7dB, and
P_max = min(27-max(0,10*log10(100/BW)) , 40-TxBF) according to US Region regulations,
P_max = min(23+max(0,10*log10(BW))-TxBF, 40-TxBF) according to Europe Region regulations,
P_max = min(13+max(0,10*log10(BW))-TxBF, 43-TxBF) according to Korea Region regulations.

Table 1. MIL of PF0/1/4 under US, Europe, and Korea Region regulations
	Format
	{SCS, # of RBs}
	Backoff (dB)
	SNR for 1% error
	MIL,      US Reg.
	MIL, Europe
	MIL, Korea

	


PF0
	{120kHz, 1RB}
	1.15
	7.3
	132.7  
	142.7
	132.7  

	
	{120kHz, 11RB}
	 1.23   
	        0.1
	  139.9
	139.9
	139.9  

	
	{480kHz, 1RB}
	1.15
	6.0
	 134.0
	138.4 
	134.0 

	
	{480kHz, 3RB}
	 1.23   
	3.1
	136.5 
	136.5 
	136.5 

	
	{960kHz, 1RB}
	1.15
	6.2
	 133.8
	135.2
	133.8

	
	{960kHz, 2RB}
	 1.23   
	5.7
	132.7 
	132.7
	132.7

	


PF1
	{120kHz, 1RB}
	0.99
	-5.0
	145.0 
	155.0
	145.0 

	
	{120kHz, 11RB}
	 1.89
	-8.9
	148.9 
	148.9
	148.9 

	
	{480kHz, 1RB}
	0.99
	   -5.9
	145.9 
	150.3
	145.9

	
	{480kHz, 3RB}
	1.89
	-7.8
	147.4 
	147.4
	147.4

	
	{960kHz, 1RB}
	0.99
	-7.0
	147.0 
	148.4
	147.0

	
	{960kHz, 2RB}
	1.89
	-8.2
	146.6 
	146.6
	146.6

	


PF4
	{120kHz, 1RB}
	1.65
	2.3
	 137.7
	147.7
	137.7

	
	{120kHz, 11RB}
	1.97
	5.5
	134.5 
	134.5
	134.5

	
	{480kHz, 1RB}
	1.65
	1.9
	138.1 
	142.5
	138.1

	
	{480kHz, 3RB}
	1.87
	-0.8
	140.4 
	140.4
	140.4

	
	{960kHz, 1RB}
	1.65
	-2.0
	142.0 
	143.4
	142.0

	
	{960kHz, 2RB}
	1.85
	-3.2
	 141.6
	141.6
	141.6


*1 ACK bit for PF0, 2 ACK bits for PF1, 22 CSI bits for PF4; a similar setting with the sanity-check cases. PF0/1 CM/backoff calculated based on the single long T1-LPS DCI sequence, and PF4 based on T1-LPS DMRS sequence. 

Observation 7: For PF0/1/4, under the test scenarios, the MILs for different SCSs are the same under US region regulations and Korea region regulations, while under Europe region regulations, the MIL can be larger. By increasing the number of RBs from a single RB to the target RB does not necessarily lead to an MIL increase.


Conclusion
Detection performance of PUCCH formats 0/1/4 was given by link-level simulations. Multi-RB, multi-Rx, and symbol/DMRS sequence selection were discussed. We observe and propose the following:
Observation 1: For PF0, under each of SCS 120kHz, 480kHz, and 960kHz, the detection performance can improve with increasing the number of UCI-carrying RBs. The extra gain comes from the improved energy threshold of the detector that is feasible for larger RBs. Increasing the number of receiving antennas also notably improves the performance. 
Observation 2: For PF1, the trend that detection performance improves with increased number of UCI- carrying RBs holds in general. Increasing the number of receiving antennas helps improve the performance.
Observation 3: For PF4, the trend that detection performance improves with increased number of UCI-carrying RBs holds in general. The UCI BLER decreases with reduced payload size.
Observation 4: For PF0/1/4, with the repetitive T1-LPS, the cubic metric increases when the UCI-carrying RBs increases. Notably, the CM associated with 2RBs is much larger than associated with a single RB. 
Observation 5: With a single long T1-LPS, the CM is significantly smaller than the repetitive T1-LPS case. And the CM differences between various N_RB are smaller than the CM differences of the repetitive T1-LPS counterpart. 
Observation 6: For PF0/1, the CCS T1-LPS can provide similar CM within 1-2dB difference with the single long T1-LPS. 
Observation 7: For PF0/1/4, under the test scenarios, the MILs for different SCSs are the same under US region regulations and Korea region regulations, while under Europe region regulations, the MIL can be larger. By increasing the number of RBs from a single RB to the target RB does not necessarily lead to an MIL increase.
Proposal 1: For PF0 under the considered scenario, if reaching the conducted power limit is the primary concern, extend the RB to the numbers corresponding to the target BWs for SCS 120kHz, 480kHz, and 960kHz, which are 11, 3, and 2, respectively, corresponding to the TxBF gain set according to Table 2 of R1-2102127.  
Proposal 2: For PF1 under the considered scenario, extend the RB to the number corresponding to the target BW. 
Proposal 3: For PF4 under the considered scenario, extending the RB to the target BW leads to better performance than the single RB cases under SCS 480kHz and 960kHz. For SCS 120kHz, extend the number of RB to occupy lower than the target BW may be considered. 
Proposal 4: Use long T1-LPS instead of repetitive T1-LPS sequence for PF0, PF1, and PF4. CCS T1-LPS can be an option for PF0/1. 
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Appendix
The low SCS = 30kHz PUCCH format 0/1/4 performance result according to RAN4 sanity check cases are appended in this section, in lieu of higher SCS cases since not specified in RAN4 yet. It would be convenient if, in the future, RAN4 provides additional sanity check tables under larger SCSs, including 120kHz, 480kHz, and 960kHz towards a comprehensive sanity check reference for NR-U 52.6 to 71GHz. 
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Figure 18. PF0 RAN4 sanity check under SCS 30kHz. 
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Figure 19. PF1 RAN4 sanity check under SCS 30kHz. 
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Figure 20. PF4 RAN4 sanity check under SCS 30kHz. 
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