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1 Introduction
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, 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 contribution, the following aspects related to PUCCH enhancements for extending NR up to 71 GHz are discussed:
· Global restrictions and implications of the PSD requirements on the PUCCH format 0/1/4;
· Enhancements on PUCCH format 0/1;
· Enhancements on PUCCH format 4;
· Enhancements on PUCCH common resource sets.
2 Global Restrictions and Implications on PUCCH Format 0/1/4
[bookmark: _Hlk53143709]In light of the requirements dictated by regional authorities across the globe, Table I provides a summary of the worldwide regulatory restrictions in terms of maximum average EIRP, and maximum PSD.
[bookmark: _Ref40348055]Table I - Summary of the global regulatory restrictions within the 52.6-71 GHz frequency band
	ITU-R Regions
	Region 1
	Region 2
	Region 3

	Countries
	Europe
/CEPT
	South Africa
	USA
	Canada
	Brazil
	Mexico
	China
	Japan
	South Korea
	India
	Singapore
	Australia

	Band (GHz)
	57-71
	57-66
	57-71
	57-64
	57-64
	57-64
	59-64
	57-66
	57-66
	61-61.5
	57-66
	57-66

	Max Avg. EIRP
	40 dBm
	40 dBm
	40 dBm
	40 dBm
	27dBm
	
	44 dBm
	40 dBm
	43* dBm
	20 dBm
	
	

	PSD (dBm/MHz)
	23
	
	
	
	
	
	
	
	13
	
	
	

	Max Peak EIRP (dBm)
	
	
	43
	43
	
	85
	47
	<=24
	43
	
	40
	43


*27 dBm for an equipment within 300m from an astronomical antenna.
As noticed from Table I, Europe and South Korea are restricted by a maximum PSD of 23 dBm/MHz and 13 dBm/MHz, respectively. While in Europe the maximum average EIRP is 40 dBm, in South Korea this is constrained to 27 dBm in proximity (<300 meters) of an astronomical antenna, and 43 dBm in case the equipment is further way. 
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 interlaced structure would be needed for NR above 52.6 GHz.  

Given the PSD restrictions mentioned above, and the fact that in Rel-15 NR the PUCCH format 0/1 and 4 use single-PRB transmission, these formats are severely restricted in transmit power due to limited frequency resource allocation. In order to highlight this issue, Table II provides a summary of the maximum transmit power at which a UE can perform a transmission. This table provides the maximum values achievable in different numerologies and for both regions for the case when a single-PRB PUCCH format is used.   
Table II – Maximum allowed transmit power in [dBm] for current PUCCH format 0/1 and 4
	                           Region 

Subcarrier spacing

	Europe/CEPT
	South Korea

	120 KHz
	24.5836
	14.5836

	480 KHz
	30.6042
	20.6042

	960 KHz
	33.6145
	23.6145



Table II highlights that in both regions, and for all subcarrier spacings currently under consideration to extend NR up to 71 GHz, the maximum transmit power for single-PRB PUCCH formats is greatly below the maximum EIRP that the corresponding regional authorities allow. In fact, the gap between the maximum allowed power and that achievable with a single-PRB PUCCH formats varies between ~7 to ~16 dBm in Europe, and between ~4 to ~13 dBm, and ~20 to ~29 dBm in South Korea depending on whether the equipment is in proximity of an astronomic antenna or not. 
In order to overcome this issue and allow these PUCCH formats to be potentially transmitted at the highest allowed transmit power, those formats would need to be enhanced so that they can span over a larger bandwidth. In this context, Table III provides a summary of the minimum number of PRBs required in both regions and for different numerologies to make use of the allowed maximum average EIRP.
Table III – Minimum number of PRBs required to transmit at the maximum allowed power
	                           Region 

Subcarrier spacing

	Europe/CEPT
	South Korea when an equipment is <300m from an astronomical antenna
	South Korea when an equipment is >300m from an astronomical antenna

	120 KHz
	35
	17
	695

	480 KHz
	9
	5
	174

	960 KHz
	5
	3
	87



Observation 1: In ITU region 1, where the PSD is restricted to not exceed 23 dBm/MHz to reach the maximum EIRP of 40 dBm, a minimum of: 35 PRBs are needed for subcarrier spacing of 120 kHz,  9 PRBs are needed for subcarrier spacing of 480 kHz, and 5 PRBs are needed for subcarrier spacing of 960 kHz.

Observation 2: In South Korea, where the PSD is restricted to not exceed 13 dBm/MHz:
· If the equipment is within 300 meters away from an astronomical antenna, where the maximum EIRP is 27 dBm, a minimum of 17 PRBs are needed for subcarrier spacing of 120 kHz, 5 PRBs are needed for subcarrier spacing of 480 kHz, and 3 PRBs are needed for subcarrier spacing of 960 kHz;
· If the equipment is further than 300 meters away from an astronomical antenna, where the maximum EIRP is 43 dBm, 174 PRBs are needed for subcarrier spacing of 480 kHz, and 87 PRBs are needed for subcarrier spacing of 960 kHz. For 120 kHz, maximum EIRP of 43 dBm cannot be reached even with maximum PRB size of 275.
3 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). 
As shown in the previous section of this document, due to PSD restrictions mandated in some regions across the globe, both these formats are severely restricted in transmit power due to 1 PRB frequency resource allocation. Therefore, their design should be enhanced so that they are allowed to span over a larger number of PRBs. Given that as shown in Table II, for different regions and numerologies, and for different scenarios (e.g., edge users or cell centered users) a different number of PRBs may be needed, the transmission of PUCCH format 0 and 1 could span across a number of contiguous PRBS, which could be configured by higher layer. 
Proposal 1: The transmission of PUCCH format 0 and 1 spans across a number of contiguous PRBs, which is configured by higher layer signaling.

Given that the number of PRBs over which the PUCCH format 0 and 1 span across could be larger than 1, the related signal generation may need to be enhanced. In Rel.15, the sequence generation of PUCCH format 0/1 is formed by using low-PAPR sequence of type 1: for a sequence length less than 30, the sequence is formed through the use of computer-generated sequences, while for a sequence length of 30 or larger the sequence is a Zadoff-chu sequence. Given that in Rel-15 NR, these formats span over only 1 PRB, their related signal generation is always formed through a length-12 computer-generated sequence. In order to assess, the type of sequence which is more suitable for enhancing both PUCCH format 0 and 1, we have evaluated the performance in terms of both PAPR and CM for the following cases:
· Case 1: a long low-PAPR sequence of type 1 is used, which length is equivalent to the number of subcarriers over which the PUCCH spans across;
· Case 2: a length-12 low-PAPR sequence of type 1 is used, which is repeated across the contiguous number of PRBs over which the PUCCH spans across;
· Case 3: a length-12 low-PAPR sequence of type 1 is used, which is repeated across the contiguous number of PRBs over which the PUCCH spans across. In addition, different cyclic shifting with cyclic offset of 5 are applied across PRBs using the cyclic shift hopping mechanism defined in NR-U;

Table IV and V provide the PAPR and CM, respectively, for case 1-3 when PUCCH format 0/1 span across 35, 9 and 5 PRBs. 
Table IV – PAPR for case 1-3 for PUCCH format 0/1 spanning across 35, 9 and 5 PRBs, respectively.
	                         Number of PRBs

Cases (1-3)
	35 PRBs
	9 PRBs
	5 PRBs

	Case 1 (Long Seq.)
	3.38[dB]
	2.4964[dB]
	2.4964[dB]

	Case 2 (Repetition)
	18.0852[dB]
	12.1683[dB]
	9.6069[dB]

	Case 3 (Repetition with CS)
	6.2833[dB]
	5.5193[dB]
	6.1924[dB]



Table V – CM for case 1-6 for PUCCH format 0/1 spanning across 35, 9 and 5 PRBs, respectively.
			                 Number of PRBs

Cases (1-3)
	35 PRBs
	9 PRBs
	
5 PRBs

	Case 1 (Long Seq.)
	0.17131[dB]
	0.75618[dB]
	0.75618[dB]

	Case 2 (Repetition)
	19.5635[dB]
	11.9721[dB]
	8.7046[dB]

	Case 3 (Repetition with CS)
	3.808[dB]
	1.6608[dB]
	3.2357[dB]



Both Table IV and V show that in all cases under comparison, a long type 1 low-PAPR sequence, which length is equivalent to the number of subcarriers over which the PUCCH spans across, outperforms a length-12 low-PAPR sequence of type 1 repeated across PRBs in terms of both PAPR and CM. As expected, when different cyclic shifts are applied across the PRBs, the PAPR and CM reduces significantly compared to the case when a single cyclic shift is used, but the long sequence still outperforms the length-12 repeated sequence.

Proposal 2: For PUCCH format 0 and 1, the sequence is generated by using a computer-generated sequence or Zadoff-Chu sequence of length equal to the number of subcarriers over which the PUCCH spans across.
4 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 shown in the initial section of this document, due to PSD restrictions mandated in some regions across the globe, this format is severely restricted in transmit power due to limited frequency resource allocation. Therefore, its design should be enhanced so that it is allowed to span over a larger number of PRBs. With similar motivations provided for PUCCH format 0, and 1 within the prior section, PUCCH format 4 could be enhanced by allowing this format to span across a number of contiguous PRBs, which could be configured by higher layer signaling. 
Proposal 3: The transmission of PUCCH format 4 spans across a number of contiguous PRBs, which is configured by higher layer signaling.

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.). 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.

[image: ]
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.
5 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
	[image: ]
	{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 3: 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 5: 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:
Observation 1: In ITU region 1, where the PSD is restricted to not exceed 23 dBm/MHz to reach the maximum EIRP of 40 dBm, a minimum of: 35 PRBs are needed for subcarrier spacing of 120 kHz,  9 PRBs are needed for subcarrier spacing of 480 kHz, and 5 PRBs are needed for subcarrier spacing of 960 kHz.
Observation 2: In South Korea, where the PSD is restricted to not exceed 13 dBm/MHz:
· If the equipment is within 300 meters away from an astronomical antenna, where the maximum EIRP is 27 dBm, a minimum of 17 PRBs are needed for subcarrier spacing of 120 kHz, 5 PRBs are needed for subcarrier spacing of 480 kHz, and 3 PRBs are needed for subcarrier spacing of 960 kHz;
· If the equipment is further than 300 meters away from an astronomical antenna, where the maximum EIRP is 43 dBm, 174 PRBs are needed for subcarrier spacing of 480 kHz, and 87 PRBs are needed for subcarrier spacing of 960 kHz. For 120 kHz, maximum EIRP of 43 dBm cannot be reached even with maximum PRB size of 275.
Proposal 1: The transmission of PUCCH format 0 and 1 spans across a number of contiguous PRBs, which is configured by higher layer signaling.
Proposal 2: For PUCCH format 0 and 1, the sequence is generated by using a computer-generated sequence or Zadoff-Chu sequence of length equal to the number of subcarriers over which the PUCCH spans across.
Proposal 3: The transmission of PUCCH format 4 spans across a number of contiguous PRBs, which is configured by higher layer signaling.
Proposal 4: Enhance UE multiplexing for PUCCH format 4 by applying pre-DFT block-wise spread OCC (spread across the entire transmission bandwidth) on UCI symbols.
Observation 3: For some numerologies, initial UL bandwidth part and some PUCCH resource configurations, the total number of PRBs is not sufficient for PUCCH resource partitioning in frequency domain.
Proposal 5: 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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