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[bookmark: _Ref47259910][bookmark: _Ref20730972][bookmark: _Ref16193927][bookmark: _Ref6926730][bookmark: _Ref7107393][bookmark: _Ref521318726][bookmark: _Ref524340861][bookmark: _Ref510774888][bookmark: _Ref3884257]In 3GPP TSG RAN Meeting #86, a new SID on studying the support of NR from 52.6 GHz to 71 GHz (RP-193228) [1] was approved. After completion of this study item (SI), in the 3GPP TSG RAN Meeting #90, a working item (WI) has been approved with the aim to extending NR up to 71 GHz [2]. As part of the objectives of the WI, the following aspects were included:
	· Physical layer aspects including [RAN1]:
· Support enhancement for PUCCH format 0/1/4 to increase the number of RBs under PSD limitation in shared spectrum operation.
· Physical layer procedure(s) including [RAN1]:
· Channel access mechanism assuming beam based operation in order to comply with the regulatory requirements applicable to unlicensed spectrum for frequencies between 52.6GHz and 71GHz.
· Specify both LBT and No-LBT related procedures, and for No-LBT case no additional sensing mechanism is specified.
· Study, and if needed specify, omni-directional LBT, directional LBT and receiver assistance in channel access
· Study, and if needed specify, energy detection threshold enhancement 



In this context, during RAN1#104-e meeting [3], the following agreements were made: 
	[bookmark: _Hlk63407597]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

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

Agreement:
· For UCI of enhanced PF4, support pre-DFT blockwise spreading using OCCs of length 2 and 4 as defined for Rel-16 PF4
· Further study the following and decide in RAN1#104-b:
· Whether or not additional OCC lengths are supported
· Down-select to one of the following alternatives for blockwise spreading
· Alt-1: Blockwise spreading is performed across all allocated RBs
· Alt-2: Blockwise spreading and DFT is performed per-RB followed by per-RB PAPR/CM reduction mechanism.
· At least the following aspects should be considered in the study
· Coverage (maximum isotropic loss (MIL)), including
· Required SNR to fulfil PUCCH detection criterion
· PAPR/CM as a function of N_RB
· Specification impact



In this contribution, the following aspects related to PUCCH enhancements for extending NR up to 71 GHz are discussed:
· General Enhancements for PUCCH format 0/1/4;
· Enhancements on PUCCH format 0/1;
· Enhancements on PUCCH format 4;
· Enhancements on PUCCH common resource sets.
1 General Enhancements for PUCCH Format 0/1/4
[bookmark: _Hlk53143709]The Rel.15 NR framework defines 5 PUCCH formats, which can be categorized into two classes based on their frequency domain span:
1. Single-PRB transmission: three PUCCH formats, viz. formats 0/1/4 use single-PRB transmission.
2. Multi-PRB transmission: two PUCCH formats, viz. formats 2/3 use multi-PRB transmission. 
In Rel.16, in order to cope with the OCB restriction mandated by the ETSI BRAN, PUCCH format 0/1/2 and 3 have been enhanced to support a block interleaved structure. However, during the SI, it was concluded that no PRB interlaced structure would be needed for NR above 52.6 GHz.  

During RAN1#104-e meeting [3], it was concluded that due to the regulatory restrictions imposed globally, and specifically in Europe/CEPT, USA and South Korea, which highly limit the maximum conducted power as summarized in Table I, the three PUCCH formats with single-PRB frequency domain span would need to be enhanced over NRB contiguous RBs. 

Table I – Maximum Conducted Power accounting for the regulatory requirements 
	Region
	Maximum Conducted Power, Pmax (dBm)

	USA
	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/CEPT
	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)

	Note: BW is the PUCCH bandwidth per hop in MHz


While RAN1 has already concluded that for 480/960 kHz SCS no sub-PRB interlaced mapping is considered, no conclusion has been yet drawn for 120 KHz. While the intra-PRB interlace design has the advantage that can achieve higher link budget performance compared to the case when all REs within each PRB are used since power boosting can be applied, it is important to note that this limitation can simply be overcome in region not subject by PSD restrictions by allocating a larger number of PRBs when all the REs within each PRB are mapped. On the other hand, it is important to note that a sub-PRB interlace mapping would highly complicate the design and the implementation, and its performance would inevitably degrade in frequency dispersive channel.    

Proposal 1:  For the enhanced (multi-RB) PUCCH formats 0/1/4 for 120 kHz SCS all REs within each RB are mapped.

While in prior RAN1 meeting [3], it has been concluded that minimum number of NRB is 1 for all format, the maximum number of PRBs would depend on the subcarrier spacing. Furthermore, the possible allowed values of NRB were left for further study. In this matter, it is important to notice that:
· RAN4 has defined multiple UE power classes for FR2 which have different requirements in terms of TRP and EIRP: i) UE power class 1 -  targeted for fixed wireless access UEs with maximum output power limitation of 35 dBm TRP (Link=TX beam peak direction) and 55 dBm EIRP; ii) UE power class 2 – targeted for vehicular UEs with maximum output power limitation of 23 dBm TRP and 43 dBm EIRP; iii) UE power class 3 – targeted for handheld UEs with maximum output power limitation of 23 dBm TRP and 43 dBm EIRP; ii) UE power class 4 – targeted for high power non-handled UEs with maximum output power limitation of 23 dBm TRP and 43 dBm EIRP.
· RAN4 has not defined any range of values for the Tx beamforming gain, which is up to UE implementation. However, RAN4 has defined minimum peak EIRP requirements. While a reasonable range of values of the Tx beamforming gain could be defined, there are three components that should be taken into account: 1) antenna design type, since the type chosen yields a specific element gain; 2) frequency range, since the design frequency and packaging impact the element gain achieved; 3) UE type or power class, since depending on the form-factor, more antenna elements in the array may be needed.

With that said, in order to evaluate the maximum number of PRBs required to transmit at the maximum possible output conducted power, the subcarrier spacing, the UE’s power classes, the TX beamforming gain and the regulatory restrictions have been jointly considered, and Fig. 1 and 2 show the required number of PRBs for UE’s power class 1 and UE’s power class 2-4, respectively. The curves are provided as function of the TX beamforming gain and parameterized based on the different regulatory requirements that must be satisfied in US, Europe and South Korea. 
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a) 120 KHz                                             b) 480 KHz                                             c) 960 KHz

Figure 1 – Maximum number of PRBs required for UE power class 1
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a) 120 KHz                                           b) 480 KHz                                                c) 960 KHz

Figure 2 – Maximum number of PRBs required for UE power class 2-4

Both Figure 1 and Figure 2 highlight that the maximum number of NRB depends on the UE beamforming gain that could be supported, but also changes based on the UE’s power class, and the regional regulatory requirements. Furthermore, they highlight that based on the power limitations of a device either the regulatory requirement in US or in South Koreas may represent the bottleneck to define the maximum number of required PRBs. Therefore, for a gNB to properly configure the number of PRBs NRB over which the enhanced PUCCH formats should span, this should be aware of the UE capability in terms of beamforming gain and power class. With that said, before RAN1 concludes on the values of the maximum number of PRBs supported, it should discuss on the practical values of the TX beamforming gain that may be used by a UE, and whether a proper framework is needed for the UE to either implicitly or explicitly indicate its own power class and beamforming gain to the gNB.

Observation 1: The maximum value of NRB depends on the lowest UE beamforming gain that could be supported, but also changes based on the UE’s power class, and regional regulatory requirements. 

Observation 2:  Assuming FR2 UE power class 1, South Korea’s regulatory requirements represents the bottleneck to define the maximum number of PRBs required. However, assuming FR2 UE power class 2-4, US’s regulatory requirements represents the bottleneck to define the maximum number of PRBs required.

Observation 3: For the gNB to properly configure the number of PRBs NRB over which the enhanced PUCCH formats should span, this should be aware of the beamforming gain and power class. 

Proposal 2: Before RAN1 concludes on the maximum number of PRBs required, it should discuss on the practical values that may be used by a UE for TX beamforming gain. Furthermore, RAN1 should discuss whether a proper framework is needed for the UE to implicitly or explicitly indicate its own power class and beamforming gain to the gNB.


2 Potential Enhancements on PUCCH Format 0/1
In Rel-15, NR PUCCH formats 0/1 allow UE multiplexing in the code domain (using cyclic shift and/or OCC) and can span across 1 PRB in frequency domain. While format 0 can span 1~2 OFDM symbol(s) within a slot, format 1 has a more dynamic timespan, with a range of 4~14 symbols within a slot. Formats 0/1 are intended to carry small payload size, e.g. 1~2 UCI bit(s). In prior RAN1 meeting [3], it has been agreed to enhance these two formats in frequency domain by allowing them to span over NRB contiguous RBs. In this matter, it has been agreed to support Type-1 low PAPR sequences, but to down-select among 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.
In order to compare the two alternatives, a thorough study in terms of cubic metric (CM) and maximum isotropic loss (MIL) have been performed using the evaluation assumptions agreed during the prior RAN1 meeting [3]. 
Figure 3 shows the 95th percentile of the CM of all sequences as a function of the number of PRBs over which the sequence spans. This figure highlights that for most of the number of PRBs, Alt-1 outperforms Alt-2 in terms of CM. Furthermore it is important to note that while the 95th percentile CM of Alt-1 remains mainly within a given range of values as the number of PRBs increases, for Alt-2 the CM starts to deteriorate greatly as the cyclic shifts sequence is repeated. 
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Figure 3 – 95th percentile CM of all the sequence as a function of the number of PRBs over which the sequence spans. 

Figure 4-9 compare Alt-1 against Alt-2 for PUCCH format 0 in terms of MIL as a function the number of PRBs over which the sequences span. In particular Figure 4-6 provide MIL evaluation when PF0 spans over 1 OFDM symbol, while Figure 7-9 provide MIL evaluation when PF0 spans over 2 OFDM symbols. For all these figures, the assumption is that the UCI payload would be one bit, and UE’s maximum EIRP is equal to 25 dBm while the UE’s maximum conducted power is equal to 21 dBm. For each figure the curves on the left are obtained by fixing the subcarrier spacing to 120 KHz and varying the delay spread, while the curves on the right are obtained by fixing the delay spread and varying the subcarrier spacing. Figure 4 and 7 provide the evaluation under the US regulatory restrictions, Figure 5 and 8 provide the evaluation by considering the ETSI BRAN constrains, and finally Figure 6 and 9 provide the evaluation by accounting for the South Korea regulatory requirements (notice that since the predominant effect in the calculation of the conducted power limit is always the factor depending on the PSD limit, when evaluating the MIL the results between the case when an equipment is further away and when this is close by an astronomical antenna provide the same results).
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Figure 4– MIL for 1 symbol PUCCH format 0 as function of the number of PRBs over which the sequence spans accounting for the US regulatory restrictions. In the left figure, the MIL is parameterized over different values of the delays spread. In the right figure, the MIL is parameterized over different values of the subcarrier spacing.
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Figure 5– MIL for 1 symbol PUCCH format 0 as function of the number of PRBs over which the sequence spans accounting for the European regulatory restrictions. In the left figure, the MIL is parameterized over different values of the delays spread. In the right figure, the MIL is parameterized over different values of the subcarrier spacing.
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Figure 6– MIL for 1 symbol PUCCH format 0 as function of the number of PRBs over which the sequence spans accounting for the South Korean regulatory restrictions. In the left figure, the MIL is parameterized over different values of the delays spread. In the right figure, the MIL is parameterized over different values of the subcarrier spacing.
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Figure 7– MIL for 2 symbols PUCCH format 0 as function of the number of PRBs over which the sequence spans accounting for the US regulatory restrictions. In the left figure, the MIL is parameterized over different values of the delays spread. In the right figure, the MIL is parameterized over different values of the subcarrier spacing.
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Figure 8– MIL for 2 symbols PUCCH format 0 as function of the number of PRBs over which the sequence spans accounting for the European regulatory restrictions. In the left figure, the MIL is parameterized over different values of the delays spread. In the right figure, the MIL is parameterized over different values of the subcarrier spacing.
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Figure 9– MIL for 2 symbols PUCCH format 0as function of the number of PRBs over which the sequence spans accounting for the South Korean regulatory restrictions. In the left figure, the MIL is parameterized over different values of the delays spread. In the right figure, the MIL is parameterized over different values of the subcarrier spacing.
Figure 4-9 highlight that for PF0, Alt-1 outperforms Alt-2 mostly for all subcarrier spacing, delay spread and number of PRBs, except for some limited cases. In fact, Alt-1 is slightly better than Alt-2 (<0.5 dB) when the number of PRBs are 12, 15 and 20. Figure 4-9 show that as expected the MIL increases with the number of PRBs as the required SNR needed to fulfill the detection criteria decreases, but it starts declining after a certain value since the detrimental effect of the CM impairment, the noise power and the limitation of the counted power for different regulatory requirements become more predominant as the bandwidth over which the PUCCH spans becomes larger. This last effect becomes even more evident by inspecting the curves when these are parameterized over the subcarrier spacing. In fact, as the subcarrier spacing increases the MIL decays more abruptly.
Figure 10-12 compare Alt-1 against Alt-2 for PUCCH format 1 with different lengths (i.e., 4, 8 and 14 OFDM symbols) in terms of MIL as a function the number of PRBs over which the sequences span. For all these figures, the assumption is that the UCI payload would be two bits, the UE’s maximum EIRP is equal to 25 dBm while the UE’s maximum conducted power is equal to 21 dBm. For each figure the curves on the left are obtained by fixing the subcarrier spacing to 120 KHz and the delay spread to 10ns, while varying the PUCCH length. On the other hand, the curves on the right are obtained by fixing the delay spread to 10ns and the PUCCH length to 14 OFDM symbols, while varying the subcarrier spacing. Figure 10 provides the evaluation under the US regulatory restrictions, Figure 11 provides the evaluation by considering the ETSI BRAN constrains, and finally Figure 12 provides the evaluation by accounting for the South Korea regulatory requirements.
[image: ][image: ]
Figure 10– MIL for PUCCH format 1 as function of the number of PRBs over which the sequence spans accounting for the US regulatory restrictions. 
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Figure 11– MIL for PUCCH format 1 as function of the number of PRBs over which the sequence spans accounting for the European regulatory restrictions. 
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Figure 12– MIL for PUCCH format 1 as function of the number of PRBs over which the sequence spans accounting for the South Korean regulatory restrictions. 
Figure 10-12 highlight that for PUCCH forma 1, Alt-1 outperforms Alt-2 mostly for all subcarrier spacing, delay spread and number of PRBs, except for some limited cases. In fact, as for PUCCH format 0, Alt-1 is slightly better than Alt-2 (<0.5 dB) when the number of PRBs are 12, 15 and 20. Figure 10-12 show once again that as expected the MIL increases with the number of PRBs as the required SNR needed to fulfill the detection criteria decreases, but it starts declining after a certain value since the detrimental effect of the CM impairment, the noise power and the limitation of the counted power for different regulatory requirements become more predominant as the bandwidth over which the PUCCH spans becomes larger. 
With that said, given that over the whole evaluation highlights the technical merit in terms of both CM and MIL of Alt-1 over Alt-2, for PUCCH format 0 and 1 the sequence should be generated by using a Type-1 low PAPR sequence of length equal to the number of subcarriers over which the PUCCH spans across.
Proposal 3: For PUCCH format 0 and 1, the sequence is generated by using a Type-1 low PAPR sequence
of length equal to the number of subcarriers over which the PUCCH spans across.
3 Potential Enhancements on PUCCH Format 4
NR PUCCH format 4 is based on DFT-s-OFDM waveform and allows UE multiplexing through pre-DFT block-wise spread OCC. Like PUCCH format 0/1 in Rel-15, PUCCH format 4 spans across 1 PRB in frequency domain. Furthermore, PUCCH format 4 can span 4~14 OFDM symbol(s) within a slot. In addition, PUCCH format 4 is intended to carry small payload size, e.g. 1~2 UCI bit(s). 
As mentioned above, NR PUCCH format 4 is restricted to span across one PRB, and is capable to multiplex up to 4 UEs within one PRB using pre-DFT blockwise spread OCC with spreading factor (SF) of 2 or 4. One unique property of pre-DFT blockwise spread OCC is its ability to split multiplexed UEs’ transmissions on different orthogonal combs (e.g. for SF = 2 the two multiplexed UEs use the odd and even combs respectively within a PRB), which in turn, provides frequency domain orthogonality that is resilient to adverse propagation conditions (delay spread, deep fade etc.). 
Since in prior RAN1 meeting [3], it has been agreed to enhance this format in frequency domain by allowing it to span over NRB contiguous RBs. When enhancing the PUCCH format 4 to span across a number of PRBs larger than 1, in order to still allow UE multiplexing, the pre-DFT OCC, instead of being applied over a single PRB, this could be spread blockwise across the entire transmission bandwidth, with a similar procedure to that applied to PUCCH format 3 in NR-U by extending the pre-DFT OCC block-wise to all PRBs on one interlace. In this case, the UCI symbols of each multiplexed UEs are mapped on orthogonal combs and hence, irrespective of channel delay spread the orthogonality between transmissions of different UEs retains. 
An example of PUCCH format 4 spanning across 5 PRBs with SF=2 is provided in Figure 1. In this figure, a pre-DFT blockwise spread OCC of length-60 is applied across the full transmission bandwidth of PUCCH format 4, which is multiplexed with 2 UEs on odd and even combs, respectively.
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Figure 1. Illustration of pre-DFT blockwise spread OCC of length-60 applied across the full transmission bandwidth (5 PRBs) of PUCCH format 4, which is multiplexed with 2 UEs (SF=2) on odd and even combs, respectively.
Proposal 4: Enhance UE multiplexing for PUCCH format 4 by applying the pre-DFT block-wise OCC spread across the entire transmission bandwidth on UCI symbols.

During the prior RAN1 meeting [3], it was agreed to support pre-DFT blockwide spreading with OCC’s of length 2 and 4, and it was left for further discussion on whether additional OCC length would need to be supported. In our view, additional SFs could be indeed considered with the aim to enhance UE multiplexing.

Proposal 5: Enhance UE multiplexing by supporting on top of OCC’s length 2 and 4, a larger OCC length. 

While enhancing the PUCCH format 4, it is also important to consider its related DMRS and its sequence construction given that this needs to be also extended over a larger number of REs. In this matter, during the prior RAN1 meeting [3], it has been agreed to support Type-1 low PAPR sequences for the DMRS of the enhanced  PUCCH format 4, but to down-select among 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.
Considering the evaluations provided in Sec. 2 of this document which highlight the technical merit in terms of both CM and MIL of Alt-1 over Alt-2, the DMRS for PUCCH format 4 should be also composed by a single Type-1 low PAPR sequence of length equal to the total number of mapped REs of the PUCCH resource used

Proposal 6: The DMRS for PUCCH format 4 is composed by a single Type-1 low PAPR sequence of length equal to the total number of mapped REs of the PUCCH resource used

4 Potential Enhancements on the PUCCH Common Resource Sets
In NR, a PUCCH resource set is provided before dedicated PUCCH resource configuration by the higher layer parameter pucch-ResourceCommon, which is indicated via a 4-bit remaining minimum system information (RMSI) index. The 4-bit RMSI indicates an entry into a 16-row table (Table 9.2.1-1 of TS 38.213, which is provided below in Table VI), where each row in the table configures a set of 16 cell-specific PUCCH resources. Each PUCCH resource is indicated by 5 parameters: 
· a PUCCH format;
· a starting symbol;
· a duration;
· a PRB offset ;
· a set of initial cyclic shift (CS) indices.
Some group of rows within the table are defined to have orthogonal PUCCH resources between different rows, in order to account for multiple sectorized cell sites. For instance, {index1, index2}, {index4, index5, index6}, {index8, index9, index10}, {index12, index13, index14, index 15} are defined so that orthogonal resources are assigned to different resource sets within the same group. Notice that these resource sets support only format 0 and 1: i) for PUCCH format 0, only starting symbol #12 and symbol duration 2 is supported; ii) for PUCCH format 1, starting symbol #10, #4, and #0 and symbol duration 4/10/14 are supported.

Table VI - PUCCH resource sets before dedicated PUCCH resource configuration (Table 9.2.1-1 from TS 38.213)
	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
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	{0, 3, 6, 9}



When PUCCH format 0 and 1 are enhanced so that they span across a number of PRBs larger than 1, for some numerologies (i.e., subcarrier spacing and bandwidth), and some of the NR PUCCH resources sets, the total number of PRBs used for the transmission of a PUCCH is so large that the PUCCH resource partitioning in frequency domain is no longer possible. 

As an example, let’s consider the case when 960 kHz subcarrier spacing is used with a bandwidth of 400 MHz. In this case the total number of available PRBs would be approximately 32 PRBs. If a PUCCH format 1 is configured to be able to operate in Europe with the maximum transmit power, then the PUCCH should span over at least 5 PRBs. If frequency hopping is used, then 10 PRBs will be occupied by each resource set. For each of the resource set groups composed by more than 2 orthogonal resource sets the number of PRBs required would be greater than the one available: for instance, for the groups composed by {index4, index5, index6} and {index8, index9, index10} then a minimum of 36 PRBs would be needed, while for the group composed by {index12, index13, index14, index 15}, a minimum of 48 PRBs would be needed.

Observation 4: For some numerologies, initial UL bandwidth part and PUCCH resource configurations, the total number of PRBs is not sufficient for PUCCH resource partitioning in frequency domain.

Given that the aforementioned issue limits not only the resource sets that can be used, but more importantly the multiplexing capability of the system, RAN1 should discuss how to enhance the PUCCH common resource sets so that for each resource group at least the same number of orthogonal resources are supported. This enhancement could be achieved via either additional starting symbols or orthogonal cover codes.
Proposal 7: Enhance PUCCH resource sets before dedicated PUCCH resource configuration to support sufficient resource partitioning via either additional starting symbols or orthogonal cover codes.

2 Conclusions
In this contribution, we discussed several aspects related to PUCCH enhancements for extending NR up to 71 GHz, and we derived the following proposals, and observations:
Proposal 1:  For the enhanced (multi-RB) PUCCH formats 0/1/4 for 120 kHz SCS all REs within each RB are mapped.
Observation 1: The maximum value of NRB depends on the lowest UE beamforming gain that could be supported, but also changes based on the UE’s power class, and regional regulatory requirements. 
Observation 2:  Assuming FR2 UE power class 1, South Korea’s regulatory requirements represents the bottleneck to define the maximum number of PRBs required. However, assuming FR2 UE power class 2-4, US’s regulatory requirements represents the bottleneck to define the maximum number of PRBs required.
Observation 3: For the gNB to properly configure the number of PRBs NRB over which the enhanced PUCCH formats should span, this should be aware of the beamforming gain and power class. 
Proposal 2: Before RAN1 concludes on the maximum number of PRBs required, it should discuss on the practical values that may be used by a UE for TX beamforming gain. Furthermore, RAN1 should discuss whether a proper framework is needed for the UE to implicitly or explicitly indicate its own power class and beamforming gain to the gNB.
Proposal 3: For PUCCH format 0 and 1, the sequence is generated by using a Type-1 low PAPR sequence
of length equal to the number of subcarriers over which the PUCCH spans across.
Proposal 4: Enhance UE multiplexing for PUCCH format 4 by applying the pre-DFT block-wise OCC spread across the entire transmission bandwidth on UCI symbols.
Proposal 5: Enhance UE multiplexing by supporting on top of OCC’s length 2 and 4, a larger OCC length. 
Proposal 6: The DMRS for PUCCH format 4 is composed by a single Type-1 low PAPR sequence of length equal to the total number of mapped REs of the PUCCH resource used
Observation 4: For some numerologies, initial UL bandwidth part and PUCCH resource configurations, the total number of PRBs is not sufficient for PUCCH resource partitioning in frequency domain.
Proposal 7: Enhance PUCCH resource sets before dedicated PUCCH resource configuration to support sufficient resource partitioning via either additional starting symbols or orthogonal cover codes.
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