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1. Introduction
In RAN1 #97 meeting, the following agreements are made [1].
Agreement:
Support enhancement of Rel-15 PUCCH formats PF0 and PF1 as follows:
· Mapping to physical resources of one full interlace in 20 MHz.
· FFS: Sequence type and mapping considering the following alternatives:
· Alt-1: Repetition of the length-12 Rel-15 PF0 and PF1 sequence in each PRB of an interlace with mechanism to control PAPR/CM considering the following alternatives
· Alt-1a: Cycling of cyclic shifts across PRBs 
· Alt-1b: Phase rotation across PRBs of an interlace where the phase rotation is can be per RE or per PRB
· Alt-2: Mapping of different length-12 Rel-15 PF0 and PF1 sequences to the PRBs of an interlace based on different group number u (range is 0 .. 29)
· Alt-3: Mapping of a single long sequence to the PRBs of an interlace
· FFS: Impact due to guardbands 
· Note: Decisions on the above should be based on at least performance using the agreed MCL metric and specification impact
· Note: Interlaced PF2 and 3 are not enhanced to support 1-2 bit payloads
· 
In this paper, we will discuss the phase rotation mechanism to reduce the PAPR/CM.
2. [bookmark: _Ref498564494]Discussion
1. 
2. 
· [bookmark: _Ref521492551]PAPR/CM for enhanced PUCCH format 0 and format 1 in NRU
In Rel-15, PUCCH format 0 and format 1 is only mapped to one RB. However, the OCB regulation should be met in NRU. As agreed in last meeting, PUCCH format 0 and format 1 is mapped to physical resources of one full interlace in 20 MHz. In this case, the PAPR/CM would be greatly increased, which may lead to obvious power back off and PUCCH performance degradation. As shown in Figure 1, severe performance degradation is observed in case of simple repetition. For 15kHz and 30kHz SCS, CM can increase about 9.5dB for 10 repetitions and about 10dB for 11 repetitions.
 [image: ] [image: ]
(a) SCS=15kHz                                                              (b) SCS=30kHz
Figure 1 CM issue for PF0 when repeating 10 or 11 times
Additional mechanisms should be introduced to avoid PUCCH transmitted in a purely repetitive manner. Following alternatives are proposed. 
· Alt-1a: Cycling of cyclic shifts across PRBs 
· Alt-1b: Phase rotation across PRBs of an interlace where the phase rotation is can be per RE or per PRB
Take enhanced PUCCH format 0 as an example, the signal generation using Alt-1a and Alt-1b are shown in Figure 2(a) and (b), respectively. 


Figure 2 Enhanced PF0 using Alt-1a and Alt-1b
Both of these 2 alternatives have advantages that the gNB can almost reuse the Rel-15 PUCCH receiver, limited impact is expected in implementation. Although, there are some other measures to optimize enhanced PUCCH format 0 and format 1 in NRU, they may lead to different implementations at receiver. In this contribution, we will study and evaluate the phase rotation applied to the PUCCH repetitions, and the CM performance is compared with cycling of cyclic shifts across PRBs in PUCCH interlace.
In NR Rel-15, PF1 sequence is generated based on the same low PAPR sequence as PF0 using the following formula:

In contrast to PF0, PF1 procedure includes sequence modulation, the UCI bits is modulated to a complex-valued symbol d(0), which shall be multiplied with the sequence resulting in y(n), and y(n) shall be block-wise spread with orthogonal sequence . However, both d(0) and  can be regarded as a sequence in a RB is rotated by a certain phase. As commonly understood, a phase rotation applied across sequence will not change the statistical property of the transmission signal. So when using the same base sequence, PF0 and PF1 have the same CM with or without repetition.

 
Figure 3 Signal generation for PF1
Therefore, if we find a set of phase rotation that can reduce the CM of PF0, it can also be applied to PF1, which means PF0 and PF1 can share the same phase rotation.
[bookmark: OB1]Observation 1: Same phase rotation combinations can be applied to both enhanced PF0 and PF1 in NRU for PAPR/CM reduction. 
As commonly understood, the detection algorithm for Rel-15 PUCCH format 0 can be regarded as non-coherent sequence detection. Similarly, the phase rotations applied for PF0 can be transparent to the receiver for detection of sequence on each RB of the interlace. For Rel-15 PUCCH format 1, the information delivered is detected through coherent sequence detection using the channel estimation based on the DMRS of PF1. Since, the same phase rotation can be applied across the PUCCH symbols in each RB of PF1. The phase rotation is applied on both DMRS part and information sequence part of PF1. Therefore, the phase rotations applied for PF1 can also be transparent to the receiver for detection of sequence on each RB of the interlace. In other words, the gNB can detect the enhanced PF0 and PF1 without knowing the actual phase rotation applied on each repetition.
[bookmark: OB2]Observation 2: The phase rotation applied on each RB of a PUCCH interlace can be transparent to the receiver, gNB can detect the NRU enhanced PUCCH format 0 and format 1 without knowing the phase rotations on the repetitions.
· Evaluation of the CM reduction alternatives
To find out the best phase rotation combinations, we traverse all the possible phase rotation combinations, in which the phase rotation elements are selected from a set of phases uniformly distributed in [-pi, pi]. In this contribution, we evaluate the phase rotations selected in length-8 phase rotation set and applied to each PRB of the PUCCH interlace. To reduce the workload in traversing the best phase rotation combinations for different configurations, we first focus on searching for the phase rotation combinations, assuming PUCCH SCS is 30 kHz, and the number for RBs in a interlace, denoted as M in this contribution, is 10 or 11.
Note that, the 8 phase rotation complex symbols are {1, -1, j, -j} and 4 QPSK constellation symbols, which are widely used in signal generation in NR. If phase rotations selected from the length 8 phase rotation set, additional phase rotation implementations can be simplified.
[bookmark: _GoBack]10 phase rotation combinations with best CM for M=10 and 11 combinations are selected, and CCDF of CM distribution after phase rotation are compared with the cycling of cyclic shift scheme, as shown in Figure 4. Phase rotation is defined by , where  . For M=10 and M=11, the selected  is given by Table 1 and Table 2 respectively. The two sets are applicable to both 15kHz SCS and 30kHz SCS.
[bookmark: _Ref16086486]Table 1  for M=10
	index
	

	0
	-3
	0
	4
	-1
	0
	1
	2
	1
	-1
	-2

	1
	-3
	1
	4
	0
	-2
	4
	2
	2
	3
	3

	2
	-3
	1
	-2
	2
	4
	-2
	0
	0
	-1
	-1

	3
	-3
	2
	-2
	3
	2
	1
	0
	1
	3
	4

	4
	-3
	3
	2
	0
	4
	0
	4
	-2
	-1
	1

	5
	-3
	4
	3
	1
	2
	3
	4
	-1
	3
	-2

	6
	-3
	-1
	0
	2
	-2
	2
	-2
	4
	3
	1

	7
	-3
	-2
	0
	1
	0
	-1
	-2
	3
	-1
	4

	8
	-3
	-3
	-2
	-2
	4
	2
	0
	4
	-1
	3

	9
	-3
	-3
	4
	4
	-2
	0
	2
	-2
	3
	-1


[bookmark: _Ref16086496]Table 2  for M=11
	index
	

	0
	-3
	0
	3
	-2
	-2
	0
	-1
	1
	-1
	-3
	4

	1
	-3
	0
	-2
	2
	-2
	-1
	1
	0
	-1
	4
	4

	2
	-3
	2
	4
	0
	4
	3
	1
	2
	3
	-2
	-2

	3
	-3
	2
	-1
	4
	4
	2
	3
	1
	3
	-3
	-2

	4
	-3
	3
	0
	-1
	-2
	0
	-2
	1
	4
	-3
	-1

	5
	-3
	3
	2
	-1
	4
	-2
	4
	-3
	-2
	1
	3

	6
	-3
	4
	2
	0
	2
	1
	3
	3
	-2
	1
	4

	7
	-3
	-1
	2
	3
	4
	2
	4
	1
	-2
	-3
	3

	8
	-3
	-2
	0
	2
	0
	1
	-1
	-1
	4
	1
	-2

	9
	-3
	-3
	0
	1
	2
	0
	-1
	3
	-1
	1
	-2

	10
	-3
	-3
	2
	1
	0
	2
	3
	-1
	3
	1
	4




[image: ] [image: ]
(a) M=10                                                                           (b) M=11
[bookmark: _Ref16083910]Figure 4 For 30 kHz SCS, CM distribution of PF0 using RB level phase rotations and cycling cyclic shifts 
As shown in the above figures, CM of enhanced PF0 with phase rotations is 0.2 dB lower compared with cycling cyclic shifts for both M=10 or M=11. 
To avoid exhaustive traverse for all PUCCH configurations, CM of PF0 with phase rotation combinations for 15 kHz SCS are also evaluated using the phase rotation combinations selected for 30 kHz SCS. 
[image: ]
[bookmark: _Ref16084943]Figure 5 For 15kHz SCS, CM distribution of PF0 using RB level phase rotations selected for 30kHz SCS and cycling cyclic shifts
As shown in Figure 5, similar conclusion can be obtained that scheme of phase rotations can achieve about 0.2dB lower CM than the other scheme for enhanced PF0 with 15 kHz SCS. Compared with the CM distribution for enhanced PF0 with 30kHz SCS, we also find out that, for a certain number of RBs in a PUCCH interlace, SCS configuration has little impact on the CM distribution for PF0 after phase rotation operation. The best phase rotation combinations selected for NRU PF0 with 30 kHz SCS are also applicable for NRU PF0 with 15 kHz SCS.
To further verify our conclusion, we have also searched the phase rotation combinations with best CM for 15 kHz SCS. As shown in Figure 6, the best CM distribution for enhanced PF0 after phase rotation operation is almost the same as the case of using the phase rotation combinations selected for 30 kHz SCS as shown in Figure 5.
[image: ]
Figure 6 For 15 kHz SCS, CM distribution of PF0 using RB level phase rotations and cycling cyclic shifts 
[bookmark: OB3]Observation 3: The phase rotation selected with best CM distribution can achieve lower CM compared with Cycling of cyclic shifts across PRBs for enhanced PF0.
[bookmark: OB4]Observation 4: The phase rotation combinations selected for enhanced PF0 with 30 kHz SCS are also applicable for enhanced PF0 with 15 kHz SCS.
[bookmark: PP1][bookmark: PP10]Proposal 1: Rel-15 PUCCH format 0 and format 1 can be enhanced by applying the RB level phase rotation across PRBs of PUCCH interlace for NRU. 
[bookmark: PP2]Proposal 2: For enhanced PF0 and PF1, interlace with 10 RBs can adopt the phase rotation combinations in Table 1, and interlace with 11 RBs can adopt combinations in Table 2.
3. Conclusion
In this contribution, we studied and evaluated the potential mechanisms to reduce the cubic metric for NRU PUCCH format 0 and format 1, and have the following observations and proposals.
Observation 1: Same phase rotation combinations can be applied to both NRU PF0 and PF1 for PAPR/CM reduction. 
Observation 2: The phase rotation applied on RBs of a PUCCH interlace can be transparent to the receiver, gNB can detect the NRU PUCCH format 0 and format 1 without knowing the phase rotations on the repetitions.
Observation 3: The phase rotation selected with best CM distribution can achieve lower CM compared with PF0 with Cycling of cyclic shifts across PRBs.
Observation 4: The phase rotation combinations selected for NRU PF0 with 30 kHz SCS are also applicable for NRU PF0 with 15 kHz SCS.
Proposal 1: PUCCH format 0 and format 1 can be enhanced by applying the RB level phase rotation across PRBs of PUCCH interlace for NRU. 
Proposal 2: For NRU PF0 and PF1, interlace with 10RBs can adopt the phase rotation combinations in Table 1, and interlace with 11RBs can adopt combinations in Table 2. 
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