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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
We address the open issues for enhancing PUCCH format 0, 1 and 4 to multiple physical resource blocks (PRBs) [1]. This includes the supported number of PRBs and the resource element (RE) mapping as discussed in Sec. 2. Furthermore, the alternatives for sequence length and number of DFT precoders are treated in Sec. 3 together with extensive simulation results in the Appendix and based on observations from these sections, the proposals are contained in the concluding Sec. 4.
Arrangement of PRBs
Number of PRBs
In [2], the maximum transmit power per device and the maximum power spectral density (PSD) per MHz are defined as shown in Table 1. Using the PSD values of this table, it can be found that a device can achieve both the transmit power limit and PSD limit on frequency band 75, 75a and 75b, if the transmission bandwidth is 50 MHz. 
Table 1. Frequency bands with corresponding harmonized technical conditions and implementation deadlines for short-range devices.
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For the scenario where large coverage might be necessary, the UE may not be able to reach the transmit power limit if the one-PRB Rel-15 PUCCH formats 0/1/4 are used, especially for small SCS.  For example, 1 PRB with 120 kHz SCS occupies 1.44 MHz bandwidth. There is approximately a 17 dB margin to the transmit power limit if the UE transmits at the PSD limit. So in order to provide additional coverage/reliability for PUCCH formats 0/1/4, it suffices to have at most 32/8/4 PRBs for 120 kHz, 480 kHz and 960 kHz respectively, considering the number of allocated PRBs should be a product of 2, 3 or 5 from the requirement of DFT-S-OFDM and 50 MHz transmission bandwidth. 
Observation 1: The maximum number of PRBs could be limited to 32, 8, and 4, for 120 kHz, 480 kHz and 960 kHz SCS, respectively.
Simulation results are given in Appendix by Table 4-7 and Figure 6-15. Generally, we can make the following observation.
Observation 2: Based on computed Maximum Isotropic Loss (MIL), the following can be concluded:
· In most cases, larger MIL can be achieved with larger PUCCH bandwidth.
· The gain of larger PUCCH bandwidth depends on the regulations and is typically larger for USA than for EU.
Sub-PRB interlacing 
For 120 kHz SCS, it has been proposed to introduce using a subset of REs within each PRB in order to meet the effective isotropic radiate power (EIRP) limit with less REs occupied, i.e., to improve the spectral efficiency. However, this would be an optimization with large consequences on the PHY layer. It basically results in a new PUCCH and DMRS design. Orthogonality of both PUCCH sequences and DMRSs still need to be provided. For example, the DMRS is currently orthogonal over 12 consecutive REs, i.e., orthogonal on any PRB, but that will not be the case with sub-PRB interlacing if the same DMRS sequence is used. If a shorter DMRS sequence is specified in order to provide orthogonality on less than 12 REs, fewer cyclic shifts become available. Thus the multiplexing capacity may be compromised. Furthermore, in order for sub-PRB interlacing to be useful, consequently also the PUSCH may need to be modified accordingly, as it otherwise would result in large power differences between these two channels.      
Observation 3: Sub-PRB interlacing is an optimization to increase the spectral efficiency which implies large changes to the PHY layer.
· New DMRS sequences with fewer cyclic shifts
· New PUCCH sequences
· Potentially introduction of sub-PRB interlacing for the PUSCH
Enhancements of PUCCH formats to multiple PRBs 
PUCCH format 0 and PUCCH format 1
The main issue is whether to select a single long sequence (Alt-1) or a repeated short sequence (Alt-2), for the DMRS and the PUCCH. Both sequence alternatives are supported in the NR specifications, thus there should not be any concern on complexity. Alt. 1 and Alt. 2 could multiplex PUCCH resources with different number of PRBs but Alt. 2 could additionally handle different starting PRB positions, as shown in Figure 1. 
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Figure 1. Example of DMRS multiplexing using 4 different cyclic shifts (CSs) and allocations of 1, 2, 3  and 4 PRBs. The starting PRB needs to be the same when single DMRS sequence (Alt-1) is used (left), while more DMRSs can be multiplexed with a repeated DMRS sequence, since different starting PRB positions are feasible (Alt-2).
The CM at the 95-percentile for Alt. 2 is up to 2 dB higher when the number of PRBs is less than 9 as shown in Figure 2, which is computed from all specified low-PAPR Type 1 sequences and 6-times upsampling. 
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Figure 2. CM at 95-percentile for different number of PRBs for the DMRS, using either a single sequence without repetition, or a repeated length-12 sequence multiplied with a phase ramp in each RB.
In these evaluations, we have for the repetition case (as was used in Rel-16 NR-U), multiplied the base sequence with a phase ramp  with  where  is the resource block index within the PUCCH resource. 
Observation 4: Using a repeated DMRS sequence of length-12 with phase ramp for CM/PAPR reduction offers better UE multiplexing than a single sequence. The 95-percentile CM is at most 2 dB worse for allocations below 9 PRBs. 
When considering the regional constraints on maximum transmit power and computing it according to [1], the difference becomes small for the two sequence alternatives. For 120 kHz SCS, there is no difference at all for the USA, while there is at most 1 dB difference for 3-6 PRB bandwidth. Similarly for 480 kHz SCS, there is at most 1 dB difference. 
Observation 5: When considering the regional limitations, there is no or very small (< 1 dB) difference in maximum transmit power between using a single sequence or a repeated sequence of length-12 with phase ramp for CM/PAPR reduction.
Table 4 includes a comparison of the link budgets for a single long sequence and a repeated sequence with CM/PAPR reduction. It shows that the detection performance is similar for both schemes.
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Figure 3. Maximum transmit power according to the regulations in the USA and the EU, using a long sequence or a short sequence with repetition and phase ramp for CM/PAPR reduction, for 120 kHz SCS (left) and 480 kHz SCS (right).
PUCCH format 4
DMRS sequence
The same arguments and findings as was outlined in Sec. 3.1 apply to the DMRS sequence for PUCCH format 4. 
New OCC length
The main motivation for adopting new OCC lengths is to compensate for decreased resource utilization as more PRBs need to be utilized. The OCC length needs to be a divisor of 12, thus the question is if a length-6 OCC should be introduced. Such an OCC should then be a DFT-sequence, since that will produce an IFDMA waveform, if used together with existing block-wise spreading method [3]. However, a larger spreading factor typically requires larger SINR and may not be widely supported over the whole cell area. It also requires denser cyclic shifts to be used for the DMRS, thus the gains in fading channels needs to be evaluated. 
Observation 6: The use case and performance of using OCC length-6 needs further study.   
DFT precoder
A single DFT precoder (Alt-1) will provide the lowest CM/PAPR. The merit of using one DFT precoder per PRB (Alt-2) is that it allows more flexibility in user multiplexing if different OCCs can be used in different PRBs (and thus is in line with using a repeated DMRS sequence). Figure 3 shows that a UE allocated with 4 PRBs (marked in blue) could be added if it uses OCC #1 in the first PRB and OCC #0 in other PRBs. It should be noted that also for Alt-2, an IFDMA waveform is still maintained if there is block-wise spreading per PRB together with the already specified OCCs, hence no furthermodifications may be needed. Alt-2 may allow reuse of the PUCCH format 4 implementation. 
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Figure 4. Example of OCC allocation for 5 different users in different PRBs, being allocated 4, 3, 3, 2 and 2 PRBs, respectively.
We perform evaluation of the 95-percentile CM, using the Reed-Muller code with rate matching and 11 bits payload. The rate matching produces repetitive modulation symbols and needs to be used in the evaluations. The following combinations are considered:
· Number of DFTs
· 1 DFT per N PRBs 
· N DFTs per N PRBs
· Rate matching
· To N PRBs
· To 1 PRB and repetition of modulation symbols to N PRBs
· CM/PAPR reduction method
· None
· Constant: a random QPSK symbol is multiplied to the DFT precoder output for each PRB
· Ramp: the output of the DFT precoder ,  is multiplied with a phase ramp to produce   with  where  is the resource block index within the PUCCH resource. 
 [image: ][image: ]
(a) OCC length-1 								(b) OCC length-2
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(c) OCC length-4 	
Figure 5. CM at 95-percentile for different number of PRBs for the PUCCH, for spreading factor 1 (a), spreading factor 2 (b) and spreading factor 4 (c). RM code with 11 bits payload and rate matching is used. The labels denote whether 1 or N DFT precoders are used, whether rate matching is done to N PRBs or to 1 PRB with repetition, and which CM reduction method that is used.
Based on Figure 1, a number of conclusions are drawn.
Observation 7: If N DFT precoders are used, the lowest CM is obtained for the following combinations:
· For OCC length-1, rate matching to N PRBs, phase ramp for CM reduction.
· For OCC length-2, up to ~9 PRBs use rate matching to 1 PRB, phase ramp for CM reduction, otherwise, use rate matching to N PRBs, phase ramp for CM reduction.
· For OCC length-4, up to ~9 PRBs use rate matching to 1 PRB, phase ramp for CM reduction, otherwise, use rate matching to N PRBs, constant for CM reduction.
Taking all findings into account, we can summarize: 
Observation 8: Using N DFT precoders maintains the IFDMA waveform, could allow more flexible UE multiplexing capability and possibility to reuse PUCCH format 4 implementation but comes at the price of higher CM, of which the difference typically is less than 2 dB if a CM reduction method is used. 
[bookmark: _Ref129681832][bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Conclusions
Based on the observations made above, we arrive at the following proposals. Our evaluations show that the following bandwidths for the PUCCH are reasonable. 
Proposal 1: The maximum number of PRBs for the PUCCH is limited to:
· For 120 kHz SCS: 32
· For 480 kHz SCS: 8
· For 960 kHz SCS: 4
Sub-PRB interlacing is an optimization which has too large impact to the other signals/channels.
Proposal 2: Sub-PRB interlaced mapping is not introduced for 120 kHz SCS.
Using a repeated length-12 DMRS sequence with a phase ramp, offers much more flexibility in the user multiplexing, which is beneficial as the number of PRBs for the PUCCH becomes larger. For smaller number of PRBs, there is a loss in CM up to a certain number of PRBs (e.g., 9 PRBs) and a gain in CM otherwise. We think this may be acceptable considering the other merits.
Proposal 3: For PUCCH format 0 and format 1, 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.
· Cycling of cyclic shifts across PRBs is performed in the same way as for Rel-16 for PF0/1 for the case that useInterlacePUCCH-PUSCH is configured.

Proposal 4: For PUCCH format 4, a single DMRS 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.
· Cycling of cyclic shifts across PRBs is performed in the same way as for Rel-16 for PF0/1 for the case that useInterlacePUCCH-PUSCH is configured.

Usage of N DFT precoders per N allocated RBs, has the potential to reuse existing PUCCH format 4 implementation and offer more flexible user multiplexing. There is a loss in CM, however, we think this may be acceptable considering the other merits.
Proposal 5: For PUCCH format 4, use N DFT precoders per N allocated RBs. 
· A phase ramp is used for CM/PAPR reduction method. 
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Appendix
Table 2. Evaluation assumptions for PUCCH.
	Parameter
	Value

	Carrier Frequency [GHz]
	60 GHz

	Subcarrier spacing, SCS [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)

	PUCCH Frequency Hopping
	On

	PUCCH Frequency Domain Resource Mapping
	N_RB contiguous RBs per hop (with all REs allocated per PRB)

	Waveform
	CP-OFDM for PF0/1
DFT-s-OFDM for PF4

	CP Type
	Normal CP

	Channel Model
	TDL-A, Delay spread (DS) = 10ns

	BS Antenna Configuration (Mg,Ng,M,N,P)
	{1,1,1,1,2}

	UE Antenna Configuration (Mg,Ng,M,N,P)
	{1,1,1,1,1}

	Mobility
	3 km/hr

	PA Model
	None

	gNB TRP PN Model
	Zero phase noise

	UE PN Model
	Zero phase noise

	Pre-loaded Tx EVM
	0%

	Additive Rx EVM
	0%

	I-Q Imbalance
	None

	Frequency Offset
	0 ppm

	Channel Estimation
	Realistic channel estimation



Table 3. Reporting metrics for PUCCH.
	Parameter
	Value

	PUCCH Format
	PF0, PF1, PF4

	Subcarrier spacing, SCS [kHz]
	120, 480, 960 kHz

	Frequency hopping details
	Frequency offset 46 RBs

	Number of RBs used per hop (N_RB)
	{1, 2, 4, 8} RBs

	PUCCH bandwidth per hop, BW [MHz]
	N_RB*SCS MHz

	Number of OFDM symbols used for PUCCH resource
	2 for PF0
14 for PF1/4

	Sequence construction details
	Long sequence for PF0/1
Long sequence for DMRS of PF4

	OCC configuration details
	N.A.

	Cyclic shift configuration details
	Initial cyclic shift 0 for PF0/1/4

	Number of multiplexed users, e.g., by code division, if applicable
	1 user

	PUCCH payload encoder type
	Reed Muller for PF4

	PUCCH payload size(s) (bits)
	For PF4 : 11 bits

	PUCCH encoding rate(s)
	Rate matching according to Reed-Muller code

	Required SNR (dB)
	Based on link level simulation results.

	Cubic Metric, CM (dB)
	The 95-percentile, based on simulation results.

	UE Tx Beamforming gain (dBi)
	TxBF = 6dBi

	BS Rx Beamforming gain (dBi)
	RxBF = 20dBi

	UE Power Limitations
	Maximum EIRP:
UE_EIRP = 25 dBm
Maximum conduced power (prior to consideration of backoff):
UE_P = 21 dBm

	Pmax (dBm)
	Maximum allowed conducted power considering limit per region

	Backoff (dB)
	Power backoff is equal to the cubic metric

	Transmit power, P_TX (dBm)
	Maximum allowed transmit power including UE power limitation and backoff
P_TX = min(Pmax, UE_EIRP – TxBF, UE_P – Backoff)

	Noise power, P_N (dBm)
	BS Noise Figure, NF = 7 dB
Noise PSD = -174 dBm/Hz
P_N = Noise PSD + 10*log10(BW * 1e6) + NF

	Maximum Isotropic Loss, MIL (dB)
	MIL = P_TX – P_N – Required SNR + TxBF + RxBF




Table 4. Comparison for PUCCH format 0 between a long sequence and a repeated short sequence with CM/PAPR reduction method.
	Sequence
	Regulation
	 
	SCS [kHz]
	 [dB]
	 [dBm]
	95% CM [dB]
	 [dBm]
	MIL [dB]

	Long
	EU
	4
	120
	-4.5
	-99.4
	1.78
	19.00
	148.9

	Long
	EU
	8
	120
	-7.4
	-96.4
	1.59
	19.00
	148.8

	Long
	USA
	4
	120
	-4.5
	-99.4
	1.78
	14.60
	144.5

	Long
	USA
	8
	120
	-7.4
	-96.4
	1.59
	17.61
	147.4

	Rep.
	EU
	4
	120
	-4.4
	-99.4
	3.30
	19.00
	147.5

	Rep.
	EU
	8
	120
	-7.4
	-96.4
	2.37
	19.00
	148.4

	Rep.
	USA
	4
	120
	-4.4
	-99.4
	3.30
	14.60
	144.4

	Rep.
	USA
	8
	120
	-7.4
	-96.4
	2.37
	17.61
	147.4



Table 5. Results for PUCCH format 0, 1 and 4 for 120 kHz SCS.
	Format
	Regulation
	 
	SCS [kHz]
	 [dB]
	 [dBm]
	95% CM [dB]
	 [dBm]
	MIL [dB]

	PF0
	EU
	1
	120
	1.5
	-105.4
	0.67
	18.58
	148.5

	PF0
	EU
	2
	120
	-1.7
	-102.4
	0.78
	19.00
	149.1

	PF0
	EU
	4
	120
	-4.5
	-99.4
	1.78
	19.00
	148.9

	PF0
	EU
	8
	120
	-7.4
	-96.4
	1.59
	19.00
	148.8

	PF1
	EU
	1
	120
	-6.0
	-105.4
	0.67
	18.58
	156.0

	PF1
	EU
	2
	120
	-8.0
	-102.4
	0.78
	19.00
	155.4

	PF1
	EU
	4
	120
	-11.5
	-99.4
	1.78
	19.00
	155.9

	PF1
	EU
	8
	120
	-14.8
	-96.4
	1.59
	19.00
	156.2

	PF4
	EU
	1
	120
	-1.8
	-105.4
	2.53
	18.47
	151.7

	PF4
	EU
	2
	120
	-4.5
	-102.4
	2.39
	18.61
	151.5

	PF4
	EU
	4
	120
	-7.8
	-99.4
	2.27
	18.73
	151.9

	PF4
	EU
	8
	120
	-10.8
	-96.4
	2.23
	18.77
	152.0

	PF0
	USA
	1
	120
	1.5
	-105.4
	0.67
	8.58
	138.5

	PF0
	USA
	2
	120
	-1.7
	-102.4
	0.78
	11.59
	141.7

	PF0
	USA
	4
	120
	-4.5
	-99.4
	1.78
	14.60
	144.5

	PF0
	USA
	8
	120
	-7.4
	-96.4
	1.59
	17.61
	147.4

	PF1
	USA
	1
	120
	-6.0
	-105.4
	0.67
	8.58
	146.0

	PF1
	USA
	2
	120
	-8.0
	-102.4
	0.78
	11.59
	148.0

	PF1
	USA
	4
	120
	-11.5
	-99.4
	1.78
	14.60
	151.5

	PF1
	USA
	8
	120
	-14.8
	-96.4
	1.59
	17.61
	154.8

	PF4
	USA
	1
	120
	-5.0
	-105.4
	2.53
	8.58
	145.0

	PF4
	USA
	2
	120
	-8.0
	-102.4
	2.39
	11.59
	148.0

	PF4
	USA
	4
	120
	-11.2
	-99.4
	2.27
	14.60
	151.2

	PF4
	USA
	8
	120
	-14.1
	-96.4
	2.23
	17.61
	154.1

	PF4
	USA
	1
	120
	-1.8
	-105.4
	2.53
	8.58
	141.8

	PF4
	USA
	2
	120
	-4.5
	-102.4
	2.39
	11.59
	144.5

	PF4
	USA
	4
	120
	-7.8
	-99.4
	2.27
	14.60
	147.8

	PF4
	USA
	8
	120
	-10.8
	-96.4
	2.23
	17.61
	150.8



Table 6. Results for PUCCH format 0, 1 and 4 for 480 kHz SCS.
	Format
	Regulation
	 
	SCS [kHz]
	 [dB]
	 [dBm]
	95% CM [dB]
	 [dBm]
	MIL [dB]

	PF0
	EU
	1
	480
	0.3
	-99.4
	0.67
	19.00
	144.1

	PF0
	EU
	2
	480
	-3.0
	-96.4
	0.78
	19.00
	144.4

	PF0
	EU
	4
	480
	-5.3
	-93.4
	1.78
	19.00
	143.7

	PF1
	EU
	1
	480
	-5.9
	-99.4
	0.67
	19.00
	150.3

	PF1
	EU
	2
	480
	-9.0
	-96.4
	0.78
	19.00
	150.4

	PF1
	EU
	4
	480
	-11.6
	-93.4
	1.78
	19.00
	150.0

	PF4
	EU
	1
	480
	-3.0
	-99.4
	2.53
	18.47
	146.9

	PF4
	EU
	2
	480
	-6.0
	-96.4
	2.39
	18.61
	147.0

	PF4
	EU
	4
	480
	-8.5
	-93.4
	2.27
	18.73
	146.0

	PF0
	USA
	1
	480
	0.3
	-99.4
	0.67
	14.60
	139.7

	PF0
	USA
	2
	480
	-3.0
	-96.4
	0.78
	17.61
	143.0

	PF0
	USA
	4
	480
	-5.3
	-93.4
	1.78
	19.00
	143.7

	PF1
	USA
	1
	480
	-5.9
	-99.4
	0.67
	14.60
	145.9

	PF1
	USA
	2
	480
	-9.0
	-96.4
	0.78
	17.61
	149.0

	PF1
	USA
	4
	480
	-11.6
	-93.4
	1.78
	19.00
	150.0

	PF4
	USA
	1
	480
	-3.0
	-99.4
	2.53
	14.60
	143.0

	PF4
	USA
	2
	480
	-6.0
	-96.4
	2.39
	17.61
	146.0

	PF4
	USA
	4
	480
	-8.5
	-93.4
	2.27
	18.73
	146.6



Table 7. Results for PUCCH format 0, 1 and 4 for 960 kHz SCS.
	Format
	Regulation
	 
	SCS [kHz]
	 [dB]
	 [dBm]
	95% CM [dB]
	 [dBm]
	MIL [dB]

	PF0
	EU
	1
	960
	0.4
	-96.4
	0.67
	19.00
	141.0

	PF0
	EU
	2
	960
	-1.4
	-93.4
	0.78
	19.00
	140.0

	PF1
	EU
	1
	960
	-5.5
	-96.4
	0.67
	19.00
	146.9

	PF1
	EU
	2
	960
	-8.5
	-93.4
	0.78
	19.00
	146.9

	PF4
	EU
	1
	960
	-2.0
	-96.4
	2.53
	18.47
	142.9

	PF4
	EU
	2
	960
	-5.7
	-93.4
	2.39
	18.61
	143.7

	PF0
	USA
	1
	960
	0.4
	-96.4
	0.67
	17.61
	139.6

	PF0
	USA
	2
	960
	-1.4
	-93.4
	0.78
	19.00
	139.8

	PF1
	USA
	1
	960
	-5.5
	-96.4
	0.67
	17.61
	145.5

	PF1
	USA
	2
	960
	-8.5
	-93.4
	0.78
	19.00
	146.9

	PF4
	USA
	1
	960
	-2.0
	-96.4
	2.53
	17.61
	142.0

	PF4
	USA
	2
	960
	-5.7
	-93.4
	2.39
	18.61
	143.7
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                                         (a) 4 PRBs                                                    (b) 8 PRBs
Figure 6. PF0 at 120 kHz with different number of PRBs and repeated sequence.
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                                        (a) 1 PRB                                                       (b) 2 PRBs
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                                         (c) 4 PRBs                                                    (d) 8 PRBs
Figure 7. PF0 at 120 kHz with different number of PRBs and long sequence.
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                                        (a) 1 PRB                                                       (b) 2 PRBs
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                                         (c) 4 PRBs                                                    (d) 8 PRBs
Figure 8. PF1 at 120 kHz with different number of PRBs.
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                                        (a) 1 PRB                                                      (b) 2 PRBs
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                                        (c) 4 PRBs                                                     (d) 8 PRBs
Figure 9. PF4 at 120 kHz with different number of PRBs.
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                                        (a) 1 PRB                                                       (b) 2 PRBs
              [image: ]
                                        (c) 4 PRBs                              
Figure 10. PF0 at 480 kHz with different number of PRBs.
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                                        (a) 1 PRB                                                      (b) 2 PRBs
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                                        (c) 4 PRBs                    
Figure 11. PF1 at 480 kHz with different number of PRBs.
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                                        (a) 1 PRB                                                      (b) 2 PRBs
              [image: ]
                                       (c) 4 PRBs            
Figure 12. PF4 at 480 kHz with different number of PRBs.
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                                        (a) 1 PRB                                                      (b) 2 PRBs                         
Figure 13. PF0 of 960 kHz with different number of PRBs.
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                                        (a) 1 PRB                                                      (b) 2 PRBs                
Figure 14. PF1 at 960 kHz with different number of PRBs.
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                                        (a) 1 PRB                                                       (b) 2 PRBs 
Figure 15. PF4 at 960 kHz with different number of PRBs.
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