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

Agreement #3:
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 #4:
· 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 #5:
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 #6:
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 #7:
User-multiplexing can be considered but as lower priority compared to maximum isotropic loss for PUCCH as a design criterion.



The main open issues in these agreements which we address in this contribution are as follows:
· Agreement #1,2,3:
· Whether or not to support values larger than 12/3/2 for max() for enhanced PF0/1/4 with 120/480/960 kHz SCS
· What granularity for configuration of  should be supported
· Agreement #4,7:
· Sequence construction details for enhanced PF0/1
· Single long sequence vs. repeated short sequence with cyclic shift cycling
· Agreement #6,7:
· RE mapping details for enhanced PF0/1 for 120 kHz SCS
· Contiguous mapping vs. sub-PRB interlaced mapping
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 = UE_EIRP – TxBF [referred to as "UE Limit-EIRP"]

Conducted power limit due to UE_P:
     Pmax_P = UE_P – backoff [referred to as "UE Limit-P"; 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 Limit-P") 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 Limit-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. 
According to Agreement #1 in Section 1 it was agreed that the number of supported RBs is at least 12, 3 and 2 for 120 kHz, 480 kHz and 960 kHz SCS respectively. These number of RBs are sufficient to reach maximum allowed transmission power in all regions assuming UE_EIRP = 25 dBm and UE_P = 21 dBm as listed in Table 3. It is FFS whether or not a larger number of RBs is to be supported dependent on RAN4 input on feasibility of potentially larger values for UE_EIRP and UE_P.
Prior to receiving RAN4 input, the following analysis is performed for the US region since that region requires the largest number of RBs to reach the conducted power limits. For the US region, the number of RBs can be determined by the cross-over point between “FCC 100MHz” and “UE Limit-EIRP” in Figure 1a determined from the following expression
Solving for the bandwidth results in

On the other hand, depending on the cubic metric and the beamforming gain, the “UE Limit-P” limit may become more limiting than the “UE Limit-EIRP” limit. For these cases, the cross-over point between “FCC 100MHz” and “UE Limit-P” can be determined from the following expression
Solving for the bandwidth results in

The maximum useful bandwidth is then given by the minimum of these two expressions.

The agreed minimum number of RBs (12/3/2) corresponds to a maximum useful bandwidth of 15.8 MHz derived using UE_EIRP = 25 dBm, TxBF = 6 dBi, UE_P = 21 dBm and CM = 2 dB. This corresponds to 

which can be considered the baseline in this analysis.
It is obvious that to increase  both  and  must be increased since the minimum one will be limiting, this is illustrated in Figure 2.
[image: ]
[bookmark: _Ref70518299]Figure 2: Maximum useful bandwidth as a function of UE_EIRP-TxBF and UE_P-CM.
The number of useful RBs as a function of  is shown in Table 4.
[bookmark: _Ref70605364]Table 4: Maximum useful number of RBs as a function of 
	x
	19
	20
	21
	22
	23
	24
	25
	26
	27

	120 kHz
	12
	14
	18
	22
	28
	35
	44
	56
	70

	480 kHz
	3
	4
	5
	6
	7
	9
	11
	14
	18

	960 kHz
	2
	2
	3
	3
	4
	5
	6
	7
	9



Clearly, the maximum number of RBs is highly dependent on UE_EIRP and UE_P. A 3 dB increase in x results in a approximately a 2 times increase in the number of RBs. Until RAN4 provides feedback on feasible pairs of (UE_EIRP, UE_P) values for the 52.6 – 71 GHz band, it is not possible for RAN1 to conclude on whether or not the maximum number of RBs should be increased beyond 12 / 3 / 2.
[bookmark: _Toc71534282]RAN1 should wait for feedback from RAN4 on feasible pairs of (UE_EIRP, U_P) values for the 52.6 – 71 GHz band before concluding on whether or not to increase the maximum number of RBs beyond 12 / 3 / 2.
In Agreement #3 listed in Section 1, there is an FFS on what granularity should be specified for the configured number of RBs. Based on the above, the maximum value is not concluded yet; however, this FFS could still be concluded even now. In our view, restricting the granularity to a subset of integer values in the range [1 .. max(N_RB)] according to Alt-2 artificially restricts flexibility without saving overhead. It seems clear that all integer values at least between 1 and 12 are needed considering different deployment scenarios and regulatory regions. This would cost 4 bits in RRC. Even if the maximum number of RBs is increased (say up to 32), and still every integer value is supported, then only 1 extra bit in RRC would be needed, for a total of 5 bits. It seems that even if reduced granularity for the range 12 .. 32 was agreed according to Alt-2, then still 5 bits would be needed in total. Based on this we propose to support Alt-1 as it gives the most flexibility without additional cost in RRC overhead.
[bookmark: _Toc71534283]Support Alt-1 in the agreement from RAN1#104bis-e on the granularity of the configuration of the number of RBs, i.e.,
· [bookmark: _Toc71534284]For enhanced PF0/1
· [bookmark: _Toc71534285]Support configuration of all integer values in the range [1 .. max()] for each SCS
· [bookmark: _Toc71534286]For enhanced PF4
· [bookmark: _Toc71534287]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.
2.2	Sequence Design for PUCCH Format 0/1
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 using multiple consecutive RBs, the most natural choice of a 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, and corresponds to Alt-1 in Agreement #4 listed in Section 1.
Alt-2 in Agreement #4 is 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 5. The range 1 – 12 RBs is highlighted since at least this range is of interest for defining Rel-17 PUCCH according to Agreement #1 in Section 1. 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. There is an advantage for “CSC” between 11 and 20 RBs, but in relation to the advantage of “Rel-15” between 2 and 8 RBs the advantage for “CSC” is small. It should also be noted that for 23 RBs and above “Rel-15” has lower CM than “CSC” and for 27 RBs and above the “Rel-15” has significantly lower CM than “CSC”. If RAN1 decides to support larger numbers of RBs this higher range where “Rel-15” is substantially better will likely be used.
[bookmark: _Toc71534275]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 most sequence lengths of interest. Given that the detection performance between the two approaches is almost identical; there is no need to further consider the CSC approach.

[bookmark: _Ref70606133]Table 5: 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 (Alt-1)
	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 (Alt-2)
	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 (Alt-1)
	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 (Alt-2)
	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 the “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_P” limit is 21dBm – CM. This means that when the CM exceeds 2 dB (difference between 21 and 19), the "UE_P" limit becomes the limit that directly affects the MIL. From Table 5, 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.
An important scenario where this occurs is shown in Figure 3 where the performance for US and South Korea for PUCCH format 0 for 480 kHz SCS is shown. For 480 kHz SCS, the transmission power starts to be limited by UE restrictions when reaching 3 RBs, which is when the CM starts to matter. 3 RBs is also the value that has been agreed so far as the maximum for 480 kHz, and as can be seen in Figure 3, the performance of the "Rel 15" approach exceeds that of the "CSC" approach by approximately 1.5 dB.
(a) 5 ns
[image: ]
(b) 40 ns
[image: ]
[bookmark: _Ref70703410]Figure 3: US / South Korean performance of PUCCH format 0, comparison between Rel-15 sequences and CSC for (a) 5 ns and (b) 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. Assumptions according to Appendix A.

[bookmark: _Toc71534276]In the US and South Korea, performance for the Rel-15 base sequences exceeds the 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 4. In this case, 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) 40 ns
[image: ]
[bookmark: _Ref70703445]Figure 4: European performance of PUCCH format 0, comparison between Rel-15 sequences and CSC for (a) 5 ns and (b) 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. Assumptions according to Appendix A.
[bookmark: _Toc70702746][bookmark: _Toc70703110][bookmark: _Toc71534277]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. 

Proponents of Alt-2 (“CSC” sequence construction) have claimed that Alt-2 is beneficial for more flexible multiplexing of users with misaligned PUCCH allocations, i.e., where different UEs either use a different number of RBs and/or have a different starting RB. However, in our view this is not a scenario that should drive the PUCCH design. Furthermore, according to Agreement #7 in Section 1 the focus of Rel-17 PUCCH should be on single user performance and not on multiplexing. Also with the narrow beams in Rel-17 the need for high levels of multiplexing is not as critical in the 52.6 – 71 GHz band due to the use of narrow beams. Hence, the probability of multiple users in the same beam competing for resources is very low. Hence, it is more critical to prioritize single user performance over user multiplexing. As is shown in the above evaluation results, the single user performance is better using “Rel-15” instead of “CSC”.
[bookmark: _Toc71534278]Using the Rel-15 rules to select base sequences for Rel-17 enhanced PUCCH format 0 and 1 with multiple RBs (Alt-1) has a single user performance advantage compared to using repeated sequences with cycled cyclic shifts (Alt-2).
According to Agreement #5 in Section 1 it was agreed that Rel-17 enhanced PUCCH format 4 will use the “Rel-15” rules to select base sequence. From an product implementation complexity point of view and for simplified implementation in specifications it makes sense to use the same rules also for Rel-17 enhanced PUCCH format 0 and 1. 
[bookmark: _Toc71534288]In the agreement from RAN1#104-e on sequence construction for enhanced PF0/1, support Alt-1, i.e., reuse the Rel-15 rules to select base sequences based on Low-PAPR sequence Type-1 defined in 38.211 Section 5.2.2. Do not support repeated sequences with cyclic shift cycling (Alt-2).
2.3	RE Mapping for PUCCH Format 0/1 for 120 kHz SCS
In Agreement #6 listed in Section 1, two RE mapping alternatives are identified for the case of PF0/1 for 120 kHz SCS: contiguous mapping (Alt-1) vs. sub-PRB interlaced mapping (Alt-2). In this section we evaluate the two mapping alternatives. For the case of sub-PRB interlacing, we evaluate the case where PUCCH is mapped to every 2nd RE (comb-2 pattern) in a number of contiguous RBs.
The shortest possible base sequence length when supporting 12 cyclic shifts is 12, and thus for  the sub-PRB mapping at least 2 RBs are required. Because of this, the sub-PRB interlaced allocation must be in multiples of 2 RBs in order to maintain orthogonality between cyclic shifts used to convey the payload and potentially multiplex users on the same interlace. For PUCCH allocations larger than 2 RBs, e.g., 4, 6, etc., a single long sequence with length equal to the number of mapped REs is used.
Performance is compared against Alt-1, i.e., a contiguous RE allocation (non-interlaced). 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 6 are thus necessary when considering sub-PRB interlaced mapping.
[bookmark: _Ref70703601]Table 6: 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 (6 for the comb-2 pattern), and SCS is the subcarrier spacing (in MHz).
· The non-zero power boost factor, PB (in units of dB), is due to the fact that not all REs are occupied within the 1 MHz measurement bandwidth used for PSD regulations. The power boost factor is given by PB = 10*log10(1 / (N_ref*SCS)), where N_ref is the maximum number of occupied REs (not necessarily an integer) within any 1 MHz measurement bandwidth. For the sub-PRB interlaced mapping using the comb-2 pattern, N_ref = 4.33, and thus  PB is equal to 2.8 dB.
· 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 claimed motivation for using sub-PRB interlaced mapping is that it allows for power boosting under a PSD constraint since the mapped subcarriers of a PUCCH resource 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 is only 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 within the same beam 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. They cannot be used for PUCCH user multiplexing, and the unused REs cannot be used to multiplex PUSCH from another user since PUSCH does not use sub-PRB interlaced mapping. Hence, any claims of improved spectral efficiency for sub-PRB interlaced mapping are unfounded.

With this observation, it is clear that it is better to use a contiguous allocation to span the same bandwidth which would allow an even larger transmit power. According to Agreement #7 in Section 1 single user performance is prioritized over multi-user multiplexing and because of this it is hard to motivate allocating every other RE to a second UE that most likely doesn’t even exist. Especially since there is no performance gain for doing so as is seen in Sections 2.3.1, 2.3.2 and 2.3.3 for US, Europe and South Korea respectively.

One of the largest concerns of adopting sub-PRB interlaced mapping, is that it greatly complicates UE implementations to support a different mapping scheme just for 120 kHz, when a contiguous mapping scheme has already been agreed for 480 and 960 kHz. Furthermore, it uncessarily complicates specifications without achieving any benefit in performance.

2.3.1	US
(a) 5 ns
[image: ]
(b) 40 ns
[image: ]
Figure 5: US performance comparison of contiguous vs. sub-PRB interlacing (Comb-2 pattern) 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. Assumptions according to Appendix A.

For the US region, it can be observed that
· At best, the performance of sub-PRB interlacing allocation (Alt-2) is comparable to PUCCH with all REs mapped per PRB (Alt-1) when compared on the basis of same number of RBs. 
· As already stated the sub-PRB interlacing allocation occupies at least 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 mapping all REs with the same or fewer RBs to achieve larger transmit power.
2.3.2	Europe
(a) 5 ns
[image: ]
(b) 40 ns
[image: ]
Figure 6: European performance comparison of contiguous vs. sub-PRB interlacing (Comb-2 pattern) 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. Assumptions according to Appendix A.

For the ETSI region, it can be observed that
· At best, the performance of sub-PRB interlacing allocation (Alt-2) is comparable (within 0.2 dB) to PUCCH with all REs mapped per PRB (Alt-1) when compared on the basis of same number of RBs. In other words, there is no meaningful performance advantage of using sub-PRB allocations.
· As already stated, sub-PRB interlacing allocation occupies at least 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 mapping all REs with the same or fewer RBs to achieve larger transmit power.

2.3.3	South Korea
(a) 5 ns
[image: ]
(b) 40 ns
[image: ]
Figure 7: South Korean performance comparison of contiguous vs. sub-PRB interlacing (N_RE = 6 REs per RB, Comb-2 pattern) 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. Assumptions according to Appendix A.

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

To summarize, for sub-PRB interlacing (the Alt-2 scheme):
· At best (depending on the number of RBs and delay spread), the MIL is comparable to Alt-1 in all regions, i.e., US, Europe, South Korea
· We note that this conclusion is based on further tuning of the receiver algorithms for sub-PRB interlacing to get the most out of the scheme, and we still do not find any performance advantage.
· If there are are no (or only a few) users to multiplex, resources are wasted and would be better used to increase transmit power
Due to the above analysis, and the fact that it would be highly 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: _Toc71534289]Do not support sub-PRB allocations for Rel-17 PUCCH.

2.4	PUCCH Resource Sets Prior to RRC Configuration
Prior to RRC configuration, a set of cell-specific PUCCH resources are configured via SIB1 for the initial UL BWP (of the PCell). The parameter pucch-ResourceCommon indicates the configuration by pointing to a row index 0..15 of Table 9.2.1-1 in 38.213. The hierarchy of this parameter in 38.331 is as follows:
SIB1  ServingCellConfigCommonSIB  UplinkConfigCommonSIB  BWP-UplinkCommon  PUCCH-ConfigCommon  pucch-ResourceCommon
The parameter pucch-ResourceCommon is present only for the initial UL BWP (BWP#0) configuration provided by SIB1, i.e., for the PCell; it is absent for other BWPs. Only PUCCH formats 0 and 1 can be configured prior to RRC, and we see no reason to change this for the 52.6 – 71 GHz band.
pucch-ResourceCommon                INTEGER (0..15)              OPTIONAL,   -- Cond InitialBWP-Only

	Conditional Presence
	Explanation

	InitialBWP-Only
	The field is mandatory present in the PUCCH-ConfigCommon of the initial BWP (BWP#0) in SIB1. It is absent in other BWPs.



Additionally, we observe the following:
[bookmark: _Toc71534279]Based on current agreements, the initial DL BWP (on PCell) is restricted to 120 kHz SCS. Hence, 480 / 960 kHz SCS are not needed for the initial UL BWP.
[bookmark: _Toc71534280]Different regulatory regions require number of RBs for PUCCH, hence configurability of the number of RBs for PUCCH prior to RRC configuration is beneficial from a deployment flexibility standpoint. 
Based on the above discussion, we propose the following:
[bookmark: _Toc71534290]For PUCCH resource sets prior to RRC configuration, support 120 kHz SCS only
[bookmark: _Toc71534291]For PUCCH resource sets prior to RRC configuration, support indication via SIB1 of the number of RBs, NRB, for PUCCH format 0/1. If the number of RBs is not indicated, the UE assumes single RB. FFS: supported value(s) of NRB.
To achieve this configurability one approach would be for RAN2 to introduce a new parameter nrofPRBs-r17 within PUCCH-ConfigCommon with the same presence condition as pucch-ResourceCommon (i.e., InitialBWP-Only). This parameter would then indicate the number of RBs for the PF0/1 resources used prior to RRC configuration.
For Rel-15/16, the existing table of possible PUCCH resource configurations is given by the following:
Table 9.2.1-1: PUCCH resource sets before dedicated PUCCH resource configuration 
	Index
	PUCCH format
	First symbol
	Number of symbols
	PRB offset [image: ]
	Set of initial CS indexes

	0
	0
	12
	2
	0
	{0, 3}

	1
	0
	12
	2
	0
	{0, 4, 8}

	2
	0
	12
	2
	3
	{0, 4, 8}

	3
	1
	10
	4
	0
	{0, 6}

	4
	1
	10
	4
	0
	{0, 3, 6, 9}

	5
	1
	10
	4
	2
	{0, 3, 6, 9}

	6
	1
	10
	4
	4
	{0, 3, 6, 9}

	7
	1
	4
	10
	0
	{0, 6}

	8
	1
	4
	10
	0
	{0, 3, 6, 9}

	9
	1
	4
	10
	2
	{0, 3, 6, 9}

	10
	1
	4
	10
	4
	{0, 3, 6, 9}

	11
	1
	0
	14
	0
	{0, 6}

	12
	1
	0
	14
	0
	{0, 3, 6, 9}

	13
	1
	0
	14
	2
	{0, 3, 6, 9}

	14
	1
	0
	14
	4
	{0, 3, 6, 9}

	15
	1
	0
	14
	[image: ]
	{0, 3, 6, 9}



Based on the SIB1 indication of which row is applicable (by the parameter pucch-ResourceCommon) and the PUCCH resource index  derived based on the received DCI, the UE determines the PUCCH resource configuration in terms of the allocated frequency position (an RB index) and a cyclic shift index (one of the NCS possible values in the last column of the above table). The RB index gives the position of the first hop. The position of the second hop is the opposite side of the BWP. In this way, the UE is allocated a PUCCH resource from a set of 16 possible PUCCH resources defined for the cell. Figure 8 shows an example corresponding to row 4 of Table 9.2.1-1. For this row, the set of 16 resource configurations is based on NCS = 4 possible cyclic shift values (0, 3, 6, or 9) and 4 possible RB indexes for the first hop.
[image: ]
[bookmark: _Ref70418725]Figure 8: Example PUCCH resource configuration corresponding to row 4 of Table 9.2.1-1.
In the above Rel-15/16 procedure, the RB index of the first and 2nd hop is calculated based on the PUCCH resource index , the size of the initial UL BWP, and additionally a PRB offset (2nd last column of Table 9.2.1-1). The underlying assumption, however, is that a PF0/1 resource consists of only a single RB. For enhanced PF0/1 with multiple RBs, the above procedure needs to be modified.
A straightforward modification would be to reuse Table 9.2.1-1 "as is" and add additional procedure text to Section 9.2.1 in 38.213 that adjusts the RB index for the first and 2nd hop of each PUCCH resource for the case when NRB > 1. One aspect that should be further discussed, however, is whether or not it is needed to equalize the hopping distance for all PUCCH resources. Indeed, for Rel-15, the hopping distance is not the same for all PUCCH resources. For example, in Figure 8, the green PUCCH resources have a hopping distance slightly less than the red resources. However, since a PUCCH resource occupies only a single RB, this does not lead to any meaningful reduction in frequency diversity.
In contrast, for a multi-RB PUCCH resource in Rel-17, there could be a significant variation of the hopping distance between different PUCCH resources depending on the value of  in relation to the BWP size. This can be solved relatively easily by appropriate modification of the RB index for the second hop such that the hopping distance (and thus potential frequency diversity) can be equalized amonsgst all resources. One downside is that this creates potential resource fragmentation in the OFDM symbols of the 2nd hop depending on which PUCCH resource indices  are used. Notice that the hopping pattern in Figure 8 is designed to avoid such fragmentation, thus maximizing the number of contiguous RBs available for other purposes (e.g., for scheduling PUSCH for other users) as long as sequential PUCCH resource indices are used starting with the lowest index value.
[bookmark: _Toc71534292]For PUCCH resource sets prior to RRC configuration, RAN1 should discuss whether or not to design the hopping pattern for multi-RB PF0/1 so as to equalize the hopping distance (and thus frequency diversity) amongst all PUCCH resources within a set. The discussion should considering whether or not potential resource fragmentation is an issue.
For exemplary purposes, here we consider a hopping pattern designed to equalize the frequency diversity amongst all resources of a PUCCH resource set. Figure 9 shows an example corresponding to row 4 (same row as considered in Figure 8 for the case of single-RB PF1). Notice that the colors are reversed in the 2nd hop compared to Figure 8. While this equalizes the hopping distance, notice, for example, that if PUCCH resources in only the red set are used ( only), then the PRBs in the 2nd hop are fragmented, thus reducing the number of contiguous RBs available for other purposes compared to an alternative hopping pattern designed similar to Rel-15.
[image: ]
[bookmark: _Ref70518215]Figure 9: Example PUCCH resource configuration corresponding to row 4 of Table 9.2.1-1 extended to support enhanced (multi-RB) PUCCH Format 0/1, i.e., NRB > 1.

If the above hopping pattern would be adopted in addition to introducing SIB1 signaling of the number of RBs, then the existing Table 9.2.1-1 Table in 38.213 could be used "as is", and it would only be necessary to adjust the following procedure text to specify the equi-distance hopping pattern illustrated in Figure 9.If  and a UE is provided a PUCCH resource by pucch-ResourceCommon and is not provided useInterlacePUCCH-PUSCH in BWP-UplinkCommon and is provided a number of RBs  of the PUCCH transmission by nrofPRBs-r17 in PUCCH-ConfigCommon
-	the UE determines the lowest PRB index of the PUCCH transmission in the first hop as  and the lowest PRB index of the PUCCH transmission in the second hop as , where  is the total number of initial cyclic shift indexes in the set of initial cyclic shift indexes
-	the UE determines the initial cyclic shift index in the set of initial cyclic shift indexes as 
If  and a UE is provided a PUCCH resource by pucch-ResourceCommon and is not provided useInterlacePUCCH-PUSCH in BWP-UplinkCommon and is provided a number of RBs  of the PUCCH transmission by nrofPRBs-r17 in PUCCH-ConfigCommon
-	the UE determines the lowest PRB index of the PUCCH transmission in the first hop as  and the lowest PRB index of the PUCCH transmission in the second hop as 
-	the UE determines the initial cyclic shift index in the set of initial cyclic shift indexes as [image: ]



The above approach is a straightforward update of the existing specification to support enhanced (multi-RB) PF0/1 used prior to RRC configuration and this should be considered as a baseline. An open question is whether or not additional enhancements are needed to cover cases if the BWP size  is too small and/or the number of RBs for enhanced PF0  is too large. In such a scenario, it can happen that there are insufficient resources in the frequency domain to construct a set of 16 PUCCH resources, i.e., for all values of the PUCCH resource index .

To investigrate this question, first consider a typical scenario. RAN4 has agreed on 100 MHz minimum bandwidth for 120 kHz SCS. The number of available RBs has not yet been decided in RAN4; however, we consider the case of = 66 which corresponds to 100 MHz channel/BWP bandwidth in FR2. Further, consider multi-RB PF0/1 for the case of =12 which is the largest value agreed in RAN1 so far. With these values, we find that a full set of 16 PUCCH resources can be constructed for all rows in Table 9.2.1-1 except those with RB offset greater than 2. Hence, rows 2, 6, 10, 14, and 15 are problematic, at least for 100 MHz initial UL BWP. For a larger BWP and/or smaller PUCCH bandwidth, this ceases to be an issue.

The simplest way to handle this is by gNB implementation assuming that  is configurable in SIB1. If the gNB wishes to configure rows 2, 6, 10, or 14, it can simply configure a smaller value of (e.g., smaller than 12 in the above example) so as to ensure that all 16 resources can be utilized. Alternatively, it can maintain the same value of  and avoid using problematic values of , i.e., make use a PUCCH resource set with fewer than 16 valid resources.

One aspect to consider in assessing whether or not this is a problem is to assess whether or not it is important in the 52.6 – 71 GHz band to support RB offsets greater than 2 in the first place. RB offsets were added in Rel-15 to avoid PUCCH collisions in a macrocell deployment with 3 sectors – each sector would use a different offset, i.e., 0, 2, 4 for the 3 sectors. This does not seem like a relevant design goal for operation in high band spectrum where 3-sector cell sites are probably not expected. Furthermore, PUCCH collisions are unlikely in this high band due to large path loss and highly directional beamforming. Based on this discussion we propose:

[bookmark: _Toc71534281]Assuming that the number of RBs is configurable in SIB1, the Rel-15 PUCCH configuration table 9.2.1-1 offers ample flexibility for configuration of PUCCH resource sets prior to RRC configuration with a simple update of the procedure for the starting RB index of a multi-RB PUCCH resource.
Nonetheless, if the above workarounds are not acceptable, it can be further discussed whether or not to enable additional PUCCH resources to fill out a set of 16. For example, some companies have proposed to introduce additional time domain starting positions and/or additional OCCs. In our view, the baseline solution of reusing the existing table and redefinition of the RB indexes for the 1st and 2nd hop should be used as a starting point. Whether/how additional resources are enabled on top of this baseline can be further discussed.

[bookmark: _Toc71534293]Assuming that the number of RBs is configurable in SIB1, RAN1 should use the Rel-15 PUCCH configuration table 9.2.1-1 as a starting point for discussion on configuration of PUCCH resource sets prior to RRC configuration in combination with an updated procedure on the starting RB indices of the multi-RB PUCCH resources in a set. It can be further discussed whether/how to enable additional PUCCH resources on top, with the constraint of no more than 16 per set.

Conclusion
In the previous sections we made the following observations: 
Observation 1	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 most sequence lengths of interest. Given that the detection performance between the two approaches is almost identical; there is no need to further consider the CSC approach.
Observation 2	In the US and South Korea, performance for the Rel-15 base sequences exceeds the 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 3	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.
Observation 4	Using the Rel-15 rules to select base sequences for Rel-17 enhanced PUCCH format 0 and 1 with multiple RBs (Alt-1) has a single user performance advantage compared to using repeated sequences with cycled cyclic shifts (Alt-2).
Observation 5	Based on current agreements, the initial DL BWP (on PCell) is restricted to 120 kHz SCS. Hence, 480 / 960 kHz SCS are not needed for the initial UL BWP.
Observation 6	Different regulatory regions require number of RBs for PUCCH, hence configurability of the number of RBs for PUCCH prior to RRC configuration is beneficial from a deployment flexibility standpoint.
Observation 7	Assuming that the number of RBs is configurable in SIB1, the Rel-15 PUCCH configuration table 9.2.1-1 offers ample flexibility for configuration of PUCCH resource sets prior to RRC configuration with a simple update of the procedure for the starting RB index of a multi-RB PUCCH resource.

Based on the discussion in the previous sections we propose the following:
Proposal 1	RAN1 should wait for feedback from RAN4 on feasible pairs of (UE_EIRP, U_P) values for the 52.6 – 71 GHz band before concluding on whether or not to increase the maximum number of RBs beyond 12 / 3 / 2.
Proposal 2	Support Alt-1 in the agreement from RAN1#104bis-e on the granularity of the configuration of the number of RBs, i.e.,
	For enhanced PF0/1
o	Support configuration of all integer values in the range [1 .. max()] for each SCS
	For enhanced PF4
o	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.
Proposal 3	In the agreement from RAN1#104-e on sequence construction for enhanced PF0/1, support Alt-1, i.e., reuse the Rel-15 rules to select base sequences based on Low-PAPR sequence Type-1 defined in 38.211 Section 5.2.2. Do not support repeated sequences with cyclic shift cycling (Alt-2).
Proposal 4	Do not support sub-PRB allocations for Rel-17 PUCCH.
Proposal 5	For PUCCH resource sets prior to RRC configuration, support 120 kHz SCS only
Proposal 6	For PUCCH resource sets prior to RRC configuration, support indication via SIB1 of the number of RBs, NRB, for PUCCH format 0/1. If the number of RBs is not indicated, the UE assumes single RB. FFS: supported value(s) of NRB.
Proposal 7	For PUCCH resource sets prior to RRC configuration, RAN1 should discuss whether or not to design the hopping pattern for multi-RB PF0/1 so as to equalize the hopping distance (and thus frequency diversity) amongst all PUCCH resources within a set. The discussion should considering whether or not potential resource fragmentation is an issue.
Proposal 8	Assuming that the number of RBs is configurable in SIB1, RAN1 should use the Rel-15 PUCCH configuration table 9.2.1-1 as a starting point for discussion on configuration of PUCCH resource sets prior to RRC configuration in combination with an updated procedure on the starting RB indices of the multi-RB PUCCH resources in a set. It can be further discussed whether/how to enable additional PUCCH resources on top, with the constraint of no more than 16 per set.
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Appendix A	Evaluation assumptions
[bookmark: _Ref67653097]Table 7: 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 8: 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: _Ref70702107]Table 9: 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 7 and Table 8 (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)



[bookmark: _Ref67584292]Appendix B	PUCCH Evaluation Results
In this appendix, we provide a full set of MIL performance cases sorted by region. 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 9 of Appendix A: 

We evaluate the candidate Rel-17 PUCCH format 0, 1 and 4 with multiple RBs using the preferred Rel-15 base sequence definition (Alt-1 in the sequence construction agreement from RAN1#104-e). General simulation assumptions are provided in Table 7 and Table 8 of Appendix A according to the agreements from RAN1#104e. Other specific simulation assumptions are specified per case. 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
Because of receiver algorithm tuning the results in this contribution improve somewhat compared to the results in the contribution to the previous meeting [6]. 

B.1	US
B.1.1	PUCCH format 0
(a) 5 ns
[image: ]
(b) 20 ns
[image: ]
(c) 40 ns
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Figure 10: 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 11: 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
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(b) 20 ns
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Figure 12: 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.

B.1.2	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 13: 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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(c) 40 ns
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Figure 14: 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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Figure 15: 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.
B.1.3	PUCCH format 4
(a) OCC 2
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(b) OCC 4
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Figure 16: 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 17: 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 18: 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.

B.2	EU
B.2.1	PUCCH format 0
(a) 5 ns
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(c) 40 ns
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Figure 19: 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.

(a) 5 ns
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Figure 20: 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 21: 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.

B.2.2	PUCCH format 1
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Figure 22: 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 23: 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.
(a) 5 ns
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Figure 24: 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.
B.2.3	PUCCH format 4
(a) OCC 2
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Figure 25: 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 26: 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 27: 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.

B.3	South Korea
B.3.1	PUCCH format 0
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Figure 28: 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.

(a) 5 ns
[image: ]
(b) 20 ns
[image: ]
(c) 40 ns
[image: ]
Figure 29: 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 30: 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.

B.3.2	PUCCH format 1
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Figure 31: 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.
(a) 5 ns
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Figure 32: 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 33: 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.
B.3.3	PUCCH format 4
(a) OCC 2
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Figure 34: 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
[image: ]
(b) OCC 4
[image: ]
Figure 35: 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 36: 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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